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HE  marvelous  developments  of  the  present  day  in  the  field 
of  Civil  Engineering,  as  seen  in  the  extension  of  railroad 
lines,  the  improvement  of  highways  and  waterways,  the 
increasing  application  of  steel  and  reinforced  concrete 
to  construction  work,  the  development  of  water  power 
and  irrigation  projects,  etc.,  have  created  a  distinct  necessity 
for  an  authoritative  work  of  general  reference  embodying  the 
results  and  methods  of  the  latest  engineering  achievement. 
The  Cyclopedia  of  Civil  Engineering  is  designed  to  fill  this 
acknowledged  need. 

C  The  aim  of  the  publishers  has  been  to  create  a  work  which, 
while  adequate  to  meet  all  demands  of  the  technically  trained 
expert,  will  appeal  equally  to  the  self-taught  practical  man, 
who,  as  a  result  of  the  unavoidable  conditions  of  his  environ- 
ment, may  be  denied  the  advantages  of  training  at  a  resident 
technical  school.  The  Cyclopedia  covers  not  only  the  funda- 
mentals that  underlie  all  civil  engineering,  but  their  application 
to  all  types  of  engineering  problems;  and,  by  placing  the  reader 
in  direct  contact  with  the  experience  of  teachers  fresh  from 
practical  work,  furnishes  him  that  adjustment  to  advanced 
modem  needs  and  conditions  which  is  a  necessity  even  to  the 
technical  graduate. 


C  The  Cyclopedia  of  Civil  Engineering  is  a  compilation  of 
representative  Instruction  Books  of  the  American  School  of  Cor- 
respondence, and  is  based  upon  the  method  which  this  school 
has  developed  and  effectively  used  for  many  years  in  teaching 
the  principles  and  practice  of  engineering  in  its  diflferent 
branches.  The  success  attained  by  this  institution  as  a  factor 
in  the  machiner>'  of  modem  technical  education  is  in  itself  the 
best  possible  guarantee  for  the  present  work. 

C  Therefore,  while  these  volumes  are  a  marked  innovation  in 
technical  literature  —  representing,  as  they  do,  the  best  ideas  and 
methods  of  a  large  number  of  different  authors,  each  an  ac- 
knowledged authority  in  his  work  —  they  are  by  no  means  an 
experiment,  but  are  in  fact  based  on  what  long  experience  has 
demonstrated  to  be  the  best  method  yet  devised  for  the  educa- 
tion of  the  busy  workingman.  They  have  been  prepared  only 
after  the  most  careful  study  of  modem  needs  as  developed 
under  conditions  of  actual  practice  at  engineering  headquarters 
and  in  the  field. 

C,  Grateful  acknowledgment  is  due  the  corps  of  authors  and 
collaborators  —  engineers  of  wide  practical  experience,  and 
teachers  of  well-recognized  ability  —  without  whose  co-opera- 
tion this  work  would  have  been  impossible. 
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MASONRY  AND  REINFORCED 

CONCRETE 

PART  I 


MASONRY    MATERIALS 

Masonry  may  be  defined  as  construction  in  which  the  chief 
constructive  material  is  stone  or  an  artificial  mineral  product  such 
as  brick,  terra-cotta,  or  cemented  blocks.  Under  this  broad  defini- 
tion, even  Reinforced  Concrete  may  l)c  considered  as  a  specialized 
foim  of  masonry  construction. 

* 

NATURAL  STONE  AND  ITS  CHARACTERISTICS 

1.  From  the  constructor's  standpoint,  any  stone  is  good  which 
wiD  fulfil  certain  desired  characteristics.  These  various  charac- 
teristics are  not  found  combined  in  the  highest  degree  in  any  one 
kind  of  stone.  It  is  essential  to  learn  to  what  extent  these  various 
desirable  characteristics  are  combined  in  the  various  types  of  stone 
which  are  quamed.  At  the  same  time,  it  should  not  l)e  forgotten 
that  stones  of  the  same  nominal  classification  vary  greatly  in  the 
extent  of  their  desirability.  The  chief  characteristics  to  l>e  con- 
sidered by  the  constnictor  are  Cost,  DurahWiy,  Strength,  and  Appear- 
ance. Although  in  some  cases  this  represents  the  order  in  which 
these  qualifications  are  desired,  in  other  cases  the  order  is  indefinitely 
varied.  For  example,  in  a  high-grade  public  building  or  monument, 
a  good  appearance  is  considered  essential,  reganlless  of  cost.  In  a 
subsurface  foundation,  appearance  is  of  absolutely  no  importance. 

2.  Cost.  The  cost  of  any  stone  depends  on  its  intrinsic  valua- 
tion in  the  quarry,  the  cost  of  quarrying  and  di*essing,  and  the 
cost  of  transportation  fn)m  the  quarry  to  the  site  of  the  structure. 
The  cost  of  transportation  is  often  the  most  important,  and  this 
consideration  frequently  decides  not  only  the  choice  of  stone  but  even 
the  type  of  construction — whether  stone  masonrj'  or  concrete.  To 
give  a  rough  idea  of  the  cost  of  stone  quarrying,  a  few  values  are 
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<|iiot«M|  from  ( lillcttf's  "Ilandhook  of  Cost  Data/'  In  one  instance 
llic  cos!  of  (jnaii'vin^  granite,  cxclusivr  of  nMital  of  plant,  rental  of 
<|narrv,  and  cost  of  stripping  oil*  the  upper  soil,  averaged  about  $4.50 
[MT  euhii'  yard.  In  another  instance  the  cost  of  quarrying  rubble 
auiounled  tt»  81  SO  pi»r  enbie  yard.  The  cost  of  explosives  was  not 
ini'luded  in  this  tvstinuite,  but  it  should  not  have  increased  the  cost  to 
ON  iv  S-.(M)  |>t»r  eubie  yahl.  In  another  instance  the  cost  of  (juanying 
gneiss  anuMUHtnl  to  S^i  Tm,  not  inehuling  explosives  and  teaming. 
Kven  these  iten\s  shouKl  nt^t  have  made  the  total  cost  more  than 
SI  -v'^  |H»r  eubie  yaixl. 

vi.  niirabilitx.  I'nder  many  ivnditions  the  most  important 
ijualitieation  is  durability.  The  lack  of  it  is  alsi.>  the  most  seriously 
disiipjH^ntiuv;  vpuditN  luvks  whieli  have  n*maint\l  hanl  and  tough 
fv^'  uunuu\lvi\^l  ai^vs  while  vx^enxl  bv  earth  frvnn  air  and  frost,  will 
vUxiute^^rate  ;U*u  r  a  v\»injMrHtively  few  years*  e\{x>surv. 

.{:'/u\<ykt.*''<'  /';  •'fiv'^'tcc.  A  vvry  jx>rv>us  stone  will  absorb  water, 
whieh  ma\  fix^t/e  auvl  eausv^  vr\s!als  near  the  sarfuct?  to  Sake  off. 
K\cu  ihoUi:h  y.iv'b.  net  ion  vluriui:  a  siiTi:le  winter  riuiy  K'  hanlly  per- 
vvpiiWe.  ihv  v\niii!uu\i  e\{.x>c>ure  of  fr^*sli  siirt:i«.vs  ro  >iich  action  may 
s*.H.MK^r  or  laiei  Aiits*.-  a  s^'nou:s  locss  and  olisirirecrution.  Even  rain 
water  >vhieh  !\js  .t'\N».>»i\\!  oar*H>t»:o  acid  frv'tir  :he  -i:::!osphere  will 
sv\tk  L-iio  tlv  >i:oiv.  a:xl  '-'o  -tc'vi  wi;!  have  a  ^rvaier  r  !e<^  eiTect  on 
iiciirlN  all  siOi'Ks-  Vx*:a:!'  >  ''x  .^'.v  vVt^^riruer.:  ^vi.ieh  ::>  dSsolutefv 
\;na:Kvtt>i  V"^  av.io  Px  xi  ';\^.:r«e  aco  jri«>  ^i^et!  ;r  Vv  -joal  will 
ais».»  a:Kv'  '^;.'\""'^  s'^to  '  e"'    ><.'-«oi;>:v 


*  • 


\  '.      -i!  V  ■'{>    >  ar  t;ss  t  \c  :'•   v::h>L:a:!c  i  AnrfajradoQ 
;iia:i   ''le  a--    xv:.    ,-^i^::\>.    >  rrs  >i.c  i  a<  ^rek    .vficrrce.  an*:  terra- 

.i!  :eii>[    n   %;.»i-^a:'M:iv.'     .    i*-:  -i'-il  '.ri.r      ^^    i    :»;.:  •][>■       Simisrone 

■aiue   .  i*  "m;-    •  ^  •<    •  ■:    ri.j -'....;;:i    •,.■  ■      n  ^.^    '.:   ■rH^'. >    -^     •:.«.  i^*    lUe 
*.o  :iiL<  jvu-..:  ■ 
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quoteil  later.  The  tensile  strengtli  should  never  be  depended  on, 
except  to  a  verj'  limited  extent  as  a  function  of  the  transverse  strength. 
Even  this  is  only  applicable  to  such  cases  as  the  lintels  over  doors 
and  windows,  the  footing  stones  for  foundations,  and  the  cover  stones 
for  lx)x  culverts.  It  is  usually  tnie  that  a  stone  which  is  free  from 
cracks  and  which  has  a  high  crushing  strength  also,  has  as  much 
t^ans^'e^se  strength  as  should  be  required  of  any  stone. 

5.  Appearance,  It  is  seldom  that  an  engineer  need  concern 
himself  with  the  appearance  of  a  stone,  provided  it  is  satisfactory  in 
the  respects  previously  mentioned.  The  presence  of  iron  oxide  in 
a  stone  will  sometimes  cause  a  deterioration  in  appearance  by  the 
formation  of  a  reddish  stain  on  the  outer  surface.  It  usually  happens, 
however,  that  a  stone  whose  strength  and  durability  are  satisfactory 
will  have  a  sufficiently  good  appearance,  unless  in  high-grade  archi- 
tectural  work,  where  it  is  considered  essential  that  a  certain  color 
or  appearance  shall  be  obtained. 

TESTING  STONE 

6.  Of  the  above  four  qualities,  only  two — durability  and 
strength — ere  susceptible  of  laboratory  testing,  and  even  for  these 
qualities  the  best  known  laboratory  tests  are  not  conclusive.  The 
deterioration  and  partial  failure  of  the  masonry  in  some  of  the  l>est 
known  cathedrals  of  Europe,  which  commanded  the  best  available 
talent  in  their  construction,  are  startling  illustrations  of  the  imprac- 
ticability of  determining  from  laboratory  tests  the  effect  on  stone  of 
long-continued  stress,  combined  perhaps  with  other  destructive 
influences.  Although  the  best  technical  advice  was  obtained  in 
selecting  the  stone  for  the  Parliament  House  in  London,  and  the 
stone  selected  was  undoubtedly  subjected  to  the  best  known  tests,  it 
was  apparently  impossible  to  foresee  the  effect  of  the  London  atmos- 
phere, which  is  now  so  seriously  affecting  the  stone.  Several  of  the 
tests  to  be  described  below  should  be  considered  as  being  negative 
tests.  If  the  stones  fail  under  these  tests,  they  are  probably  inferior; 
if  they  do  not  fail,  they  are  perhaps  safe,  but  there  is  no  certainty. 
A  long  experience,  based  on  a  knowledge  of  the  characteristics  of 
stones  which  have  proven  successful,  is  of  far  greater  value  than  a 
dependence  on  the  results  of  laborator}'  test5.  The  tests  attempt  to 
simulate  the  actual  destructive  agencies  as  far  as  possible,  but  since 
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a  pit'at  <li'al  nf  siimrwork  which  was  ap]>arently  saiisfactorj'  when 
f<>iisinK-t«*<l  an«l  for  a  frw  vrars  aftiT,  has  failiHi  for  a  varietv  of 
n*asons,  attempts  an»  ma<li*  to  iisi*  accvhraicd  Icxts^  wliich  are  siij>fK)se(I 
hv  thrir  conetiitration  to  affect  the  stone  in  a  few  minutes  or  hours 
as  much  as  the  milder  cansi^s  actinsr  througli  a  long  jx^riod  of  years. 

7.  Absorption.  It  is  pinierally  said  that  stones  havinp  the 
K*ast  absorption  are  the  l>e>t.  The  ahsi>rptive  power  is  measiire<l  hy 
first  dnin<r  the  stone  for  many  liours  in  an  oven,  weighing  it,  then 
sr>aking  it  for.  say.  24  htnirs.  and  again  weighing  it.  llie  increase 
in  the  weight  of  the  soiiketl  stone  idue  to  the  weight  of  water  al)- 
sofIkmI),  divitled  hy  the  weight  of  the  dn-  stone,  ecpials  the  ralio  of 
ahsorjitltm.  The  granin's  will  ahsori>  as  an  averagi*  value  a  weight 
of  wat(»r  ecjual  to  alK>ut  -.  J  ^r  of  the  weight  of  tlie  stone.  For  sand- 
stoiK*  the  ratio  is  alxint  i\. 

The  test  for  ahsorjnion  has  luit  little  value  except  to  indicate 
a  eloM*ness  of  grain  'or  the  lack  of  \x\  which  prdiahly  indicates  some- 
thing alKMit  the  NtHMigth  of  the  stone,  as  well  a5  its  liability  to  some 
kinds  of  disinte^n-ation. 

s.  Test  for  Frost.  The  only  real  test  is  to  wash,  dn',  and  weigh 
U'<,X  <\H^i-'ui\i'\\<,  v«-ry  can^fully;  then  soak  them  in  water,  and  expose 
iImmi  to  intently  i-aVX  jnid  intensely  warm  tempera  turtvs  alteniately. 
Finally  \\'\\A\,  dry,  iind  weigh  them.  If  the  freezing  has  ri'sulteil  in 
hre:»l;iii;:  off  >iuall  j)ieet-:,  or  pxssihly  in  fracturing  the  stone,  the  loss 
ill  \v«i;'ht  or  the  hn-akage  will  give  a  measure  of  the  effect  of  cold 
v.irit<i  .  Ilowwer,  as  such  low  temix'ratures  cannot  he  produced 
:iriifi'-iallv  <\ei'pt  at  coiisiderahle  exj)ense,  and  as  a  sufficient  degree 
if  *oM  i^  ruilinarilv  unohtainahle  when  desiretl,  such  a  test  is  usuallv 
irri|^r:ifMir':tlii«  . 

\n  atKMipt  to  simulate  such  an  effix't  hy  Ix>iling  the  specimen  in 
a  i'uwii  \\\v',\U'i\  dilution  of  sulphate  of  soda  and  ohsennng  the  sul>se- 
<|ijf  lit  rll-ifitr;iration  of  the  stone,  if  any.  is  known  as  BranTs  lest, 
Ah*ioij;'lj  thi*  m<*tli<Ml  is  inueh  ust^l  for  lack  of  a  better,  its  value  is 
»loiil;!fiil  and  jM'rhaj>N  deceptive,  sincx'  the  effect  is  largely  chemical 
r;ith«r  tli.iii  rtM-rhanical.  The  destructive  effect  on  the  stone  is 
II;  ii.illv  /M  ;it<  r  i!ian  tiiat  of  fn-t^zing,  and  might  result  in  condemning 

:i   II  .'I  II*.   ;,'o'»fi    -If  MM*. 

'*  Chemical  Test.  The  mo>t  dithcult  and  unct^rtain  matter 
lo  iliti  nuifir  i-  tli<-  pn»hahle  efft^t  of  the  acids  in  the  atmosphere. 
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These  acids,  dissolved  in  rain  water,  soak  into  the  stone  and  combine 
with  any  earthy  matter  in  the  stone,  which  then  leaches  out,  leaving 
small  cavities.  This  not  only  results  in  a  partial  disintegration  of 
the  stone,  but  also  facilitates  destruction  by  freezing.  If  the  stone 
specimen,  after  being  carefully  washed,  is  soaked  for  several  days  in 
a  one  per  cent  solution  of  sulphuric  and  hydrochloric  acid,  the  liquid 
being  frequently  shaken,  the  water  will  Jiecome  somewhat  muddy 
if  there  is  an  appreciable  amount  of  earthy  matter  in  the  stone.  Such 
an  effect  is  supposed  to  indicate  the  probable  action  of  a  vitiated 
atmosphere.  Of  course  it  should  be  rememl)ered  that  such  a  con- 
sideration is  important  only  for  a  structure  in  a  crowded  city  where 
the  atmosphere  is  vitiated  by  poisonous  gases  discharged  from  fac- 
tories and  from  all  chimneys. 

10.  Physical  Tests.  A  test  made  by  crushing  a  block  of  stone 
in  a  testing  machine  is  apparently  a  very  simple  and  conclusive  test, 
but  in  reality  the  results  are  apt  to  be  inconclusive  and  even  decep- 
tive.    This  is  due  to  the  following  reasons,  among  others: 

(a)  The  crushing  strength  of  a  cube  per  square  inch  is  far  less  than 
that  of  a  slab  having  considerably  greater  length  and  width  than  height. 

{b)  The  result  of  a  test  depends  very  largely  on  the  preparation  of 
the  specimen.  If  sawed,  the  strength  will  be  greater  than  if  cut  by  chipping. 
If  the  upper  and  lower  faces  are  not  truly  parallel,  so  that  there  is  a  concen- 
tration of  pressure  on  one  corner,  the  apparent  result  will  be  less. 

(r)  The  result  depends  on  the  imbedment.  Specimens  which  are 
rubbed  and  ground  with  machines  that  will  insure  truly  parallel  and  plane 
surfaces,  will  give  higher  results  than  when  wood,  lead,  leather,  or  plaater- 
of-paris  cushions  are  employed. 

{(i)  The  strength  of  masonry  depends  largely  on  the  crushing  strength 
of  the  mortar  used  and  the  thickness  of  the  joints.  Other  things  being  equal, 
an  increase  in  the  crushing  strength  of  the  stone  (or  brick)  which  is  used 
does  not  add  proportionately  to  the  strength  of  the  masonry  as  a  whole; 
and  if  the  mortar  joints  are  very  thick,  it  adds  little  or  nothing.  Since  the 
strength  of  the  masonry  is  the  only  real  criterion,  the  strength  of  a  cube  of 
the  stone  is  of  comparatively  little  importance. 

In  short,  tests  of  two-inch  cubes  (the  size  usually  employed)  are 
valuable  chiefly  in  comparing  the  strength  of  two  or  more  different 
kinds  of  stones,  all  of  which  are  tested  under  precisely  similar  con- 
ditions. A  comparison  of  such  figures  with  the  figures  obtained  by 
others  will  have  but  little  value  unless  the  pR*cise  conditions  of  the 
other  tests  are  accurately  known.  Under  any  conditions,  the  results  of 
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the  tests  will  bear  hut  little  relation  to  the  actual  strength  of  the 
masonry  to  l)e  built. 

11.  Quarry  Examinations.  These  are  generally  the  surest 
tests,  and  should  never  l^e  neglected  if  the  choice  of  stone  is  a  matter 
f)f  great  importance.  Field  stone  and  (outcropping  rock  which  have 
withstood  the  weather  for  indefinite  periods  of  years,  can  usually 
l)e  relied  on  as  being  durable  against  all  deterioration  except  that 
due  to  acids  in  the  atmosphere,  to  which  they  probably  have  not 
been  subjected  in  the  country  as  they  might  be  in  a  city.  On  the  otlier 
hand,  however,  large  blocks  of  stone  can  seldom  l>e  obtained  from 
field  stones.  If  a  quarry  has  l>een  opened  for  several  years,  a  com- 
parison of  the  other  surfaces  w^ith  those  just  exposed  may  indicate 
the  jx)ssible  disintegrating  or  fliscoloring  effects  of  the  atmosphere. 
A  stone  which  is  dense  and  of  uniform  structure,  and  which  will  not 
disintegrate,  may  be  relied  on  to  withstand  any  physical  stress  to 
which  masonry  should  be  subjected. 

BUILDING  STONE 

12.  Limestone.  Carbonate  of  lime  forms  the  principal  in- 
gredient of  limestone.  A  pure  limestone  shouhl  consist  only  of 
carbonate  of  lime.  However,  none  of  our  natural  stones  are  chemi- 
cally |)ure,  but  all  contain  a  greater  or  less  amount  of  foreign  material. 
To  these  impurities  are  due  the  l)eautiful  and  variegated  coloring 
which  makes  limestone  valuable  as  a  building  material. 

Limestone  occurs  in  stratified  l)eds,  and  ordinarily  is  regarded 
as  originating  as  a  chenucal  deposit.  It  effervesces  freely  when  an 
acid  is  applied;  its  texture  is  destroyed  by  fire;  the  fire  drives  off  its 
carbonic  acid  and  water,  and  forms  cjuicklime.  Limestone  varies 
greatly  in  its  physical  properties.  Some  limestones  are  very  durable, 
hard,  and  strong,  while  others  are  very  soft  and  easily  broken. 

There  are  two  principal  classes  of  limestone — granular  and 
eotnpacf.  In  each  of  these  classes  arc  found  both  marble  and  ordinary 
building  stone.  The  granular  stone  is  generally  l)est  for  building 
purj>oses,  and  the  finer-grained  stones  are  usually  better  for  either 
marble  or  fine  cut-stone.  The  coarse-grained  \'arieties  often  dis- 
integrate rapidly  when  exix)se(l  to  the  weather.  All  varieties  work 
freelv,  and  can  be  obtained  in  blocks  of  anv  desired  dimensions. 

13.  Marble.    Wlien  limestone  is  wholly  crystalline  and  suitable 
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for  ornamental  purposes,  it  is  called  marble;  or,  in  other  words,  any 
limestone  that  can  be  polished  is  called  marble.  There  are  a  great 
many  varieties  of  marble,  and  they  vary  greatly  in  color  and  appear- 
ance. Owing  to  the  cost  of  polishing  marble,  it  is  used  chiefly  for 
ornamental  purposes. 

14.  Dolomite.  When  the  carbonate  of  magnesia  occurring 
in  limestone  rises  to  about  45  per  cent,  the  stone  is  then  called  dolo- 
mite.  It  is  usually  whitish  or  yellowish  in  color,  and  is  a  crystalline 
granular  aggregate.  It  is  harder  than  the  ordinary  limestones,  and 
also  less  soluble,  being  scarcely  at  all  acted  upon  by  dilute  hydrochloric 
acid.  There  is  no  essential  difference  between  limestone  and  dolo- 
mite with  respect  to  color  and  texture. 

15.  Sandstone.  Sandstones  are  composed  of  grains  of  sand 
that  have  been  cemented  together  through  the  aid  of  heat  and  pres- 
sure, forming  a  solid  rock.  The  cementing  material  usually  is  either 
silica,  carbonate  of  lime,  of  an  iron  oxide.  Upon  the  character  of 
this  cementing  material  is  dependent,  to  a  considerable  extent,  the 
color  of  the  rock  and  its  adaptability  to  architectural  purposes.  If 
silica  alone  is  present,  the  rock  is  of  a  light  color  and  frequently  so 
hard  that  it  can  be  worked  only  with  great  difficulty.  Such  stones 
are  among  the  most  durable  of  all  rock,  but  their  light  color  and  poor 
working  qualities  are  a  drawback  to  their  extensive  use.  Rocks  in 
which  carbonate  of  lime  is  the  cementing  material  are  frecjuently 
too  soft,  crumbling  and  disintegrating  rapidly  when  exposed  to  the 
weather.  For  many  Reasons  the  n)cks  containing  ferniginous  cement 
(iron  oxide)  are  preferable.  They  are  neither  too  hard  to  work 
readily,  nor  liable  to  unfavorable  alteration  when  exposed  to  at- 
mospheric agencies.  These  rocks  usually  have  a  brown  or  reddish 
color. 

Sandstones  are  of  a  great  variety  of  colors,  which,  as  has  already 
been  stated,  is  largely  due  to  the  iron  contained  in  them.  In  texture, 
sandstones  vary  widely — from  a  stone  of  very  fine  grain,  to  one  in 
which  the  individual  grains  are  the  size  of  a  pea.  Nearly  all  sand- 
stones are  more  or  less  porous,  and  hence  permeable  to  a  certain 
extent  by  water  and  moisture.  Sandstones  absorb  water  most 
readily  in  the  direction  of  their  lamination  or  grain.  The  strength 
and  hardness  of  sandstones  vary  between  wide  limits.  Most  of  the 
varieties  are  easily  worked,  and  split  evenly.    The  formations  of 
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sandstone  in  the  I'niteil  States  are  very  extensive.  The  crushing 
strength  of  sandstone  varies  widely,  bein^  from  '2,^jO  pounds  to 
13.5iX)  pounds  per  s»:(uare  inch,  and  specimens  have  been  obtained 
that  require  a  load  of  29j?70  pounds  per  s^juare  inch  to  crush  them. 
lt>.  Conglomerales.  Conglomerates  di^er  from  sandstone  only 
in  structure,  being  coarser  ami  of  a  more  uneven  te^tture.  The 
grsuns  are  usually  an  inch  or  more  in  diameter. 

17.  Granite.  The  essential  components  of  the  true  granites 
are  quartz  and  potash  feldspar.  Granites  are  rendered  complex, 
although  the  essential  minerals  are  but  two  in  number,  by  the  presence 
of  numerous  accessories  which  essentially  nKxiify  the  appearance  of 
the  rocks;  and  these  properties  render  them  important  as  building 
stcHie-  The  prevailing  color  is  some  shade  of  gray,  though  greenish, 
yellowish,  pink,  and  deep  red  are  not  uncommon.  These  various 
hues  are  due  to  tht:-  o.^lor  of  the  prevailing  fekispar  and  the  amount 
and.  kind  of  the  acces>on*  minerals.  The  hardnesss  of  ^^ranite  is  due 
largely  to  the  o:»:Ki:iion  of  the  ft  Ui>path:c  constituent,  which  is  valu- 
able. Granites  ot  the  same  constituents  dirier  in  hardness- 
Granites  d-^  rjn  ertenesce  with  acids,  but  emit  sparks  when 
struck  with  steel.  Tht  y  c^x>sess  the  projvrties  of  strength,  hardness. 
an«i  dur^biiitv.  altho:;^.  :hev  van  Li  tht^se  i^n^perties  as  well  as  in 
their  stncr-ire.  Th<  v  fimish  an  exter^sive  varietv  of  the  best  stone 
1>T  the  varj.xi>  r'«u7t^>s*:s  of  the  er.gineer  and  architect.  The  crushing 
srrec^h  of  zrar/-:^   is  variable,  bur  osuallv  is  between  1.>.«X)0  and 

Iv  Trap  Rock.  Tra:^  rvk.  or  i  csr^**. .  is  a  crystaLiine.  granu- 
ALT  r:<k.  cd :«>*:':  t5s*:c::ial!v  of  fckisixir  ar.vi  au.rlte;  bu:  neariv  all 
T'crain.-  rr.,iz^r'  '-:  a::-:  :'>:*:u^r::Iv  o.ivir.^.  Thev  are  basic  in  com- 
z«:si6.c:  a-«i  in  <*r-:«::Mr^  :  :h«:v  ar^\  as  a  n!e.  2iasc>:ve.  The  texture. 
i>-  a  ^neral  'iiir^  is  d:>f.  c.criixic:.  a::i  hoc::oger.e\^(is.  The  colors 
±7**.  ?«:cirer.  vir-r^  fT^.m  r^Y'- >-.  thr'.f,:.:^-  iark  ,n*-i'-'.  to  neariv 
Viiiiz's^  «>Trir.^  :  ::>  'a.:k  f  r::.  ::s  Vari-nscs.  a::»:  ::<  v.vcipttct  tex- 
rir^.  traD  r>:k  :-  ^ntrril.y  v-ry  har:  :\^  '.v  rk  I:  has  been  used  to 
fi  cie  exTen: :  r  '^inI-iL-^  ar.-i  :•:"::::«: :.:a I  werk.  bu:  i<  more  ;^neraUv 
::?e'i  :•  r  ru~:."^  •-•:-t^s*:s-  \\::r.:-:  ::.*:•  'a>:  f^^  vears.  on  acoHint 
;C  i^fr^a*  r*:^:"^".:  i7.*{  ~> --*<:-:  -^  y.a!  V'.-.  ::  has  ':^-en  e.\:en<ivelv 
ise*:  in  .- o.-r*::::  -^  rk  rht  orj^hb.^  s:rt:i:^:h  of  :rar»  nx"k  or  dia- 
bik*  is  ^Lfuiiily  between  ::X^.«-TOO  and  2t>.i*»  ptHinds^  per  S4uaie  iorli. 
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19.  Seasoning  of  Stone.  Stone,  to  weather  well,  should  be 
laid  with  its  l)edding  (lamination)  horizontal,  as  it  was  first  laid 
down  by  nature  in  the  quarry.  The  stone,  moreover,  will  offer 
greater  resistance  to  pressure  if  laid  in  this  manner,  and,  it  is  said, 
will  stand  a  greater  amount  of  heat  without  disintegrating.  This 
is  important  in  cities  where  any  building  is  liable  to  have  its  walls 
highly  heated  by  neighboring  burning  structures. 

Some  stones  that  are  liable  to  be  destroyed  by  the  effects  of 
frost  on  first  being  taken  from  the  quarries,  are  no  longer  so  after 
being  exposed  for  some  time  to  the  air,  having  lost  their  quarry 
water  through  evaporation.  This  difference  is  very  manifest  between 
stones  quarried  in  summer  and  those  quarried  in  winter.  It  has 
frequently  happened  that  stones  of  good  quality  have  been  entirely 
ruined  by  hard  freezing  immediately  after  being  taken  from  the 
quarry;  while,  if  they  are  quarried  during  the  warm  season  of  the 
year  and  have  an  opportunity  to  lose  their  quarry  water  by  evapora- 
tion prior  to  cold  weather,  they  withstand  freezing  very  well.  This 
particularly  applies  to  some  marbles  and  limestones.  This  change  is 
accounted  for  by  the  claim  put  forward,  that  the  quarry  water  of  the 
stones  carries  in  solution  carbonate  of  lime  and  silica,  which  is  de- 
posited in  the  cavities  of  the  rock  as  evaporation  proceeds.  Thus 
additional  cementing  material  is  added,  rendering  the  rock  more 
compact.  This  also  will  account  for  the  hardening  of  some  stones 
after  being  quarried  a  short  time.  When  first  quarried  they  are 
soft,  easily  sawed  and  worked  into  any  desirable  shape;  but  after  the 
evaporation  of  their  quariy  water,  they  become  hard  and  very  durable. 

Table  I  gives  the  physical  proj)erties  of  many  of  the  most  im- 
portant varieties  and  grades  of  building  stone  found  in  the  United 
States. 

BRICK 

20.  Definition  and  Characteristics.  The  term  brick  is  usually 
applied  to  the  product  resulting  from  burning  moulded  prisms  of 
clay  in  a  kiln  at  a  high  temperature. 

Common  brick  is  not  extensively  used  in  engineering  structures, 
except  in  the  construction  of  sewers  and  the  lining  of  tunnels.  Brick 
is  easily  worked  into  structures  of  any  desirable  shape,  easily  handled 
or  transported,  and  comparatively  cheap,    \^^len  well  constructed. 
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brick  masonry  compares  very  well  in  strength  with  stone  masonry, 
but  is  not  so  heavy  as  stone.  Brickwork  is  but  slightly  affected  by 
changt*s  of  temperature  or  humidity. 

Brick  is  made  of  conmion  clay  (silicate  of  alumina),  which 
usually  contains  compounds  of  lime,  magnesia,  and  iron.  Good 
brick  clay  is  often  found  in  a  natural  state.  The  quality  of  the  brick 
depends  greatly  on  the  quality  of  the  clay  used,  and  ecjually  as  much 
on  the  care  taken  in  its  manufacture. 

Oxide  of  iron  gives  brick  hardness  and  strength.  The  red  color 
of  brick  is  also  due  to  the  presence  of  iron.  The  presence  of  car- 
bonate of  lime  in  the  clay  of  which  brick  is  made,  is  injurious,  since 
the  carbonate  is  decomposed  during  the  burning,  forming  caustic 
potash,  which,  by  the  absorption  of  water,  will  cause  the  brick  to 
disintegrate.  An  excess  of  silicate  of  lime  makes  the  clay  fusible, 
which  softens  the  brick  and  thereby  causes  distortion  during  the 
burning  process.  Magnesia  in  small  quantities  has  but  little  in- 
fluence on  brick.  Sand,  in  quantities  not  in  excess  of  about  25  per 
cent,  will  help  to  preser\'e  the  form  of  the  brick,  and  is  beneficial 
to  that  extent;  but  in  greater  quantities  than  25  per  cent,  it  makes 
the  brick  brittle  and  weak. 

21.  Requisites  for  Qood  Brick.  Good  brick  should  be  of 
regular  shape,  with  plane  faces,  parallel  surfaces,  and  sharp  edges  and 
angles.  It  should  show  a  fine,  uniform,  compact  texture;  should 
be  hard,  and,  when  struck  a  sharp  blow,  should  ring  clearly;  and 
should  not  absorb  more  water  than  one-tenth  of  its  weight.  The 
specific  gravity  should  be  2  or  more.  Good  brick  will  bear  a  com- 
pn^ssive  load  of  6,000  pounds  per  square  inch  when  the  sides  are 
ground  flat  and  pressed  between  plates.  The  modulus  of  rupture 
should  be  at  least  800  pounds  per  square  inch. 

22.  Absorptive  Power.  The  amount  of  water  that  a  brick 
absorbs  is  very  important  in  indiciiting  the  durability  of  brick,  par- 
ticularly its  resistance  to  frost.  Very  soft  brick  will  absorb  25  to 
30  per  cent  of  their  weight  of  water.  Weak,  light-red  ones  will 
absorb  20  to  25  per  cent;  this  grade  of  brick  is  used  commonly  for 
filling  interior  walls.  The  best  brick  will  absorb  only  4  to  5  per  cent, 
but  brick  that  will  absorb  10  per  cent  is  called  good. 

23.  Color  of  Bricks.  The  color  of  brick  depends  greatly 
upon  the  ingredients  of  the  clay;  but  the  temperature  of  the  bum- 
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ing,  the  moulding  sand,  and  the  amount  of  air  admitted  to  the  kiln 
also  have  their  influence.  Pure  clay  or  clav  mixed  with  chalk  will 
produce  white  brick.  Iron  oxide  and  pure  clay  will  produce  a  bright 
red  brick  when  burned  at  a  moderate  heat.  IVIagnesia  will  produce 
brown  brick;  and  when  it  is  mixed  with  iron,  produces  yellow  brick. 
Lime  and  iron  in  small  quantities  produce  a  cream  color;  an  increase 
of  lime  produces  browii,  and  an  increase  of  iron  red. 

24.  Size  and  Weight.  The  standard  size  for  common  brick 
is  8 J  by  4  by  2}  inches;  and  for  face  brick,  8 J  by  4  J  by  2]  inches.  There 
are  numerous  small  variations  from  these  figures;  and  also,  since  the 
shrinkage  during  burning  is  very  considerable  and  not  closely  con- 
trolled, there  is  always  some  uncertainty  and  variation  in  the  dimen- 
sions.  Bricks  will  weigh  from  100  to  150  j)ounds  per  cubic  foot 
according  to  their  density  and  hardness,  the  harder  bricks  being  of 
course  the  heavier  jkt  unit  of  volume. 

25.  Classification  of  Common  Bricks.  Bricks  are  usually 
classified  in  three  ways:  (a)  Manner  of  moukling;  (6)  position  in 
kiln;  (c)  their  shape  or  use. 

(a)  The  manner  in  which  brick  is  moulded  has  produced  the 
following  terms: 

Soft-mud  Brick.  A  brick  moulded  cither  by  hand  or  by  machine,  in 
which  the  clay  is  reduced  to  mud  by  adding  water. 

Stiff-mud  Brick.  A  brick  moulded  from  dry  or  semi-dry  clay.  It  is 
moulded  by  machinery. 

Pressed  Brick.     A  brick  moulded  with  4semi-dry  or  dry  clay. 

Re-pressed  Brick.  A  brick  made  of  soft  mud,  which,  after  being  partly 
dried,  is  subjected  to  great  pressure. 

(h)  The  classification  with  regard  to  their  position  in  the  kiln 
applies  only  to  the  old  method  of  burning.  With  the  new  methods, 
the  quality  is  nearly  uniform  throughout  the  kiln.  The  three  grades 
taken  from  the  old-style  kiln  were: 

Arch  Brick.  Bricks  forming  the  sides  and  top  ot  the  arciies  in  which 
the  fire  is  built  are  called  arch  bricks.  They  are  hartl,  brittle,  and  weak 
from  being  over-burnt. 

Body,  Cherry,  or  Hard  Bri^k.  Bricks  from  the  interior  are  called  body, 
cherry,  or  hard  brick,  and  arc  of  the  best  (juality. 

P(dc,  Salmon,  or  Soft  Brick.  Bricks  forminjr  tlic  exterior  of  the  kiln 
are  under-burnt,  and  are  called  soft,  sahnon.  or  pah*  brick.  They  are  used 
only  for  filling,  being  too  weak  for  ordinary  use. 
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(c)  The  classification  of  brick  in  regard  to  their  use  or  shape 
has  given  rise  to  the  following  terms: 

Face  Brick.  Brick  that  arc  uniform  in  size  and  color  and  are  suitable 
for  the  exposed  places  of  buildings. 

Sewer  Brick.     Common  hard  brick,  smooth  and  regular  in  form. 

Paving  Brick.  Very  hard  common  vitrified  brick,  often  made  of  shale. 
They  are  larger  than  the  ordinary  brick,  and  are  often  called  paving  blocks. 

Compass  Brick.  Brick  having  four  short  edges  which  run  radially  to 
an  axis.     They  are  used  to  build  circular  chimneys. 

Voussoir  Brick.  Brick  having  four  long  edges  running  radially  to  an 
axis.     They  are  used  in  building  arches. 

26.  Crushing  Strength.  The  results  of  crushing  tests  of  brick 
vary  greatly,  depending  on  the  details  of  the  tests  made.  Many 
reports  fail  to  give  the  details  under  which  these  tests  are  made,  and 
in  that  case  the  real  value  of  the  results  of  the  test  as  announced  is 
greatly  reduced. 

The  following  results  were  obtained  at  the  U.  S.  Arsenal  at 
Watertown,  Mass.,  by  F.  E.  Kidder.  The  specimens  were  rubbed 
on  a  revolving  bed  until  the  top  and  bottom  faces  were  perfectly  true 
and  parallel. 


Make  ofIBrick 


»,  r,  I     Preasure  at     !    _ 

No  OP  Specimens  which  SpkcimknsI  Compression 


Tested 


Philadelphia  Face  Brick 
Cambridge  Brick 
Boston  Brick 
New  England  Pressed 


BeoantoFail  !     (perBQ.  In) 


3 

3,527  lbs. 

5,918  lbs. 

4 

4,655  " 

!   12,  186  " 

3 

7,880  " 

i   11,670  " 

4 

4,764  " 

12,490  " 

The  following  results  were  obtained  by  C.  Y.  Davis,  the  tests 
being  made  at  the  Watertown  Arsenal: 


Kind  op 
Brick 


Red 


It 

n 


Compression 
(persq.  in.) 

9,540  lbs. 
*8,530 
6,050 
6,700 


Kind  of 
Brick 


tt 


Pressed 

ti 


Compression 
(per  sq.in.) 


6,470  lbs. 
*9,190 
5,960 
6,750 


it 


Kind  op 
Brick 


Compression 
(per  sq.  in.) 


7,600  lbs. 
*10,290    " 
6,800    " 


These  specimens  were  tested  to  select  brick  for  the  U.S.  Pension  Office  at  Wash- 
ington. D.  0.     The  specimens  tested  were  submitted  by  manufacturers. 
*Indicate6the  brick  selected 

27.     Fire  Brick.    Furnaces  must  be  lined  with  a  material  which 
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is  ev«i  more  refractory  than  onlinarT  htick.  The  o3dde  and  sulphide 
of  iiOD,which  ait^  so  commoD  and  compantivflv  harmless  in  ordinary 
biiciu  will  ruin  a  fin?  brick  if  they  aie  present  to  a  greater  extent  than 
a  veiy  few  per  cent.  Fin?  brick  sbouM  W  made  from  neariy  pure 
sand  and  day.  There  is  comparatively  little  i>^  for  mechanical 
strength,  but  the  chief  requirement  is  their  infusibility.  and  pure 
dav  and  silica  fulfil  this  reouirement  Teiv  r«erfecdv. 

*  1  ■  ft  a 

2S.  Sand-Unse  Brick.  Within  the  last  few  v^ears.  the  sand- 
Ume  brick  industry  has  Iwen  deveiop?d  to  some  extent.  The  ma- 
terials fv>r  matk^r^  iis  brick  cocisist  of  saiad  aixi  liiDe :  and  thev  were 
first  made  by  nKxiadiai:  ordinary  limt  o^rtar  La  the  shape  of  a  day 
brick,  and  were  harvieDed  by  the  caiwc  dioxiJe  of  the  atmosphere. 

There  are  two  ^aer^  methods  of  Ecanu£»cnirin^  these  bricks: 


13.  ^acccii  d.c-v-i«?    ?r  5'^-  .lesj*  ":.=e  w-JlI  r«»  r^;  iir«*i  .i  the  hariKiiz. 
with  v*arbc&  'X.'xiie  iJiier  rr*5sir«. 

b      Br^rk   ZLiitf    ::    <iijzi  ±:i'i  line    :i^<i  hajr»ic»cjed  br  stream  onder 


Whea  samd-timt  brcks  are  made  by  the  first  process*  it  requires 
seTerai  weeks  f:r  zhn  :rx*is^  :i.^  biniec:    ancr  bv  the  sk*coc«i  method 

it  re»^'jire!5  cclj  ^  f^-*'  ':i«;f-Lr^.  :c,e  Ijitrer  rrLeth*.^:  is  the  ooe  ^enenJlT 
tcft^i  in  trtts  couztr*'.  The  i.«ivanti;p?<  cLiiint^i  f?r  thtse  bricks  are 
thiiC  they  inipr?v.e  -fc-.Th  ju?: :  ire  rr&>re  uiLifcrrn  hi  sbe.  shape,  and 
CJiiJ^r;  hiTM  i  .c^v  pi;r'.r>::y  j.n«i  no  •ei5cr*?<L*e!icv :  aii«i  vic»  not  dssm> 
w.£nce  bj  freeuiz;;:  The  L-.cipr'rSKve  strec^h  ci  5an«i-time  bcick 
of  A  jp.*>i  '^uali-.v  riHiC^s  Sen  J  VV  :c  4..S.V  p<ot:z»i:>  ;?er  sc^txare  ioicli. 


CONCRETE  BllLDlNU  BLi.X>^ 

2!).  Thrr  JT*:  v:2  f  'iZt;  -.vccrvrte  bu.xk  Lnciiz^crv  has  c^en  rapid. 
The  -rit^'k.^  irt  \iAir,z  '::«:  viiiv.-?:  :*  vt  ,xi.  brck.  imi  >:i,^ne  fi^r  ordi- 
aory  vrLi  ^:^m<'rr:*.'j  c.  rh«.;.  ir\  <•?-  f^  riri'ric.  jl::«.:  cheap.  The 
biij«!k^  ir^  oiiii-inf  ±:  1  :^«.v  r  r  ;i'  :.^:  >::j  f  :htf  "v.rs.  where  thev 
ar^  -^.  Te  i:*^!.  !"•:  i-"^  }iiii.-*^»:  -:  :jitf  .vui:  .:!  :he  sanie  aiamier  as 
bnck  ;r  *ti:n»^.  Thtirv  ir-  -v-;  ^rtera!  Types  ;f  :i« vks  ^uide — the 
jnt^pitftr^  hit}f^*c.  !.■:«:  sji  *#■■-/"-  >,  r\'  Pil^  re-*  k^-*,'  :vt>e  oon:<tst5 
ji  s  iin:£ie  ?u.«?s.-  v  :  :.  ...  i  ;.  r--..  -la-cr:^  'ht  v -:.  if  :hickrie:>^  of 
cbe  v:ui.     In  me  rv'^-pie*.-^  r.-pe.  die  ir^mi  and  back  of  the  biucks  are 
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made  in  two  separate  pieces,  and  bonded  when  laid  up  in  the  wall. 
The  one-piece  blocks  are  more  .generally  used  than  the  two-piece 
blocks. 

30.  Size  of  Blocks.  Various  shapes  and  sizes  of  blocks  are 
made.  Builders  of  some  of  the  standard  machines  have  adopted  a 
standard  length  of  32  inches  and  a  height  of  9  inches  for  the  full- 
sized  blocks,  with  width  of  8,  10,  and  12  inches.  Lengths  of  8,  12,  16, 
20,  and  24  inches  are  made  from  the  same  machine,  by  the  use  of 
parting  plates  and  suitably  divided  face-plates.  Most  machines 
are  constructed  so  that  any  length  between  4  and  32  inches,  and  any 
desired  height,  can  be  obtained. 

The  size  of  the  openings  (the  cores)  varies  from  one-third 
to  one-half  of  the  surface  of  the  top  or  bottom  of  the  block.  The 
building  laws  of  many  cities  state  that  the  openings  shall  amount  to 
only  one-third  of  the  surface.  For  any  ordinary  purpose,  blocks 
with  50  per  cent  open  space  are  stronger  than  necessary. 

31.  Material.  The  material  for  making  concrete  blocks  con- 
sists of  Portland  cement,  sand,  and  crushed  stone  or  gravel.  Owing 
to  the  narrow  space  to  be  filled  with  concrete,  the  stone  and  gravel 
are  limited  to  one-half  or  three-quarters  of  an  inch  in  size.  At  least 
one-third  of  the  material,  by  weiglit,  should  be  coarser  than  ^ 
inch.  A  block  made  with  gravel  or  screenings  (sand  to  f-inch  stone), 
with  proportions  of  1  part  Portland  cement  to  5  parts  screenings,  will 
be  as  good  as  a  block  with  1  part  Portland  cement  and  3  parts  sand. 
These  materials  will  be  further  treated  under  the  headings  of  *Tort- 
land  Cement,"  "Sand,"  and  "Stone." 

32.  Proportions.  The  proportions  generally  used  in  the 
making  of  concrete  blocks,  vary  from  a  mixture  of  1  part  cement, 
2  parts  sand,  and  4  parts  stone,  to  a  mixture  of  1  part  cement,  3  parts 
sand,  and  6  parts  stone.  A  very  common  mixture  consists  of  1  part 
cement,  2i  parts  sand,  and  5  parts  stone.  A  denser  mixture  may 
be  secured  by  varying  these  proportions  somewhat;  that  is,  the  maker 
may  find  that  he  secures  a  more  compact  block  by  using  2J  parts 
sand  and  4}  parts  stone;  but  a  leaner  mixture  than  1  :  2^  :  5  is  not 
to  be  recommended.  In  strength  this  mixture  will  have  a  crushing 
resistance  far  beyond  any  load  that  it  will  ever  have  to  support.  Even 
a  mixture  of  1:3:6  or  1:3J:7  will  l)e  stronger  than  necessary 
to  sustain  any  ordinary  load.     Such  a  mixture,  however,  would  be 
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\i^fif\itA  at  tfifr  iixf'Aitr/.  '^tirt^j  ■-*  trje  ':  if.  iir.i:  siie.  an«l  in  being 
[Anjy^i  in  the  wall,  will  ri^.-^-s-arily  rvceiv^  n>-»r^  or  x-ss  rr.ush  handling; 
and  .saf*-ty  in  thU  r»rspe<-t  caiU  f'»r  a  5rr»r.^r  1/2  x-k  than  is  needed  to 
U-ar  ti^r  wfrighi  of  a  wall  of  a  huiHinz-  For  a  hi^:h-eTade  water-tight 
\Afx:k,  a  1  : 2  :  4  or  a  1  :  2^  :  4  mLxture  is  ^ecerallv  used. 

y>i.  Proportion  of  \^'ater.  Blocks  made  with  dry  concrete 
will  fje  soft  and  wfrak,  even  if  thev  are  well  sprinkled  after  being  taken 
out  of  the  fomts.  Bl^xrlcs  that  aie  to  be  removed  from  the  machine 
a-j  .vx>n  as  they  are  made  will  stick  to  the  plate^  and  sa^  out  of  shape, 
if  the  concrete  Is  mixerl  torj  wet.  Thenrfon?  there  should  be  as  much 
wat#.'r  a.s  pos.sible  u.se^l,  without  causing  the  block  to  stick  or  sag  out 
of  .sliape  when  Ixring  removed  from  the  moulds.  This  amount  of 
water  in  generally  8  to  9  per  cent  of  the  weight  of  the  dry  mixture. 
To  secure  uniform  blocks  in  strength  and  color,  the  same  amount 
of  water  should  l^je  use^l  for  each  batch. 

34.  Mixing  and  Tamping.  The  concrete  should  be  mixed  in  a 
l>atch  mixer,  although  good  results  are  obtained  in  hand-mixed  con- 
cnrti*.  The  tamping  is  generally  done  ^ith  hand-ranuners.  Pneu- 
matic tam[x*r.s,  o[j<!ratc*<l  by  an  air-compn»ssor,  are  used  successfully. 
Moulding  c^jncrete  by  pre.sHure  is  not  successful  unless  the  concrete 
is  laid  in  cr>mparativclv  thin  la  vers. 

35.  Curing  of  Blocks.  The  blocks  are  removed  from  the 
machine  on  a  steel  plate*,  on  which  they  should  remain  for  24  hours. 
The  bK>cks  should  Ix*  protected  from  the  suYi  and  dry  winds  for  at 
least  a  week,  and  thoroughly  sprinkled  frecjuently.  They  should  l)e 
at  least  four  weeks  old  Ix'fore  they  are  placed  in  a  wall.  If  they 
are  built  up  in  a  wall  while  green,  skrinkage  cracks  will  be  apt  to 
rKrcur  in  the  joints. 

30.  Mixture  for  Facing.  For  appi^arance,  a  facing  of  a  richer 
mixture  is  (AUiu  used,  generally  consisting  of  1  part  cement  to  2  parts 
sand.  '^TIh?  [xmetration  of  water  may  \yQ:  eflFectively  prevented  by  this 
ricfh  coat.  C!are  must  lx»  taken  to  avoid  a  seam  between  the  two 
mixtures. 

Blocjks  are  made*  with  either  a  plane  face,  or  of  various  oma- 
mentid  patterns,  as  tool-faced,  paneled,  rock-faced,  etc.  Coloring 
of  the  hice  is 'often  desired.  Mineral  coloring,  rather  than  chemical, 
should  Ik»  us(»d,  as  the  chemical  color  may  injure  the  concrete  or  fade. 
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37.  Cost  of  Making.  The  following  is  quoted  from  a  paper  by 
N.  F.  Palmer,  C.  E. : 

Blocks  8  by  9  by  32  inches;  gang  consisted  -of  five  workmen,  and 
foreman;  record  for  one  hour,  30  blocks;  general  average  for  10  hours,  200 
blocks.     The  itemized  cost  was  as  follows: 

1  foreman  @     $2 .  50 $*  2 .  50 

5  helpers  @       2.00     10.00 

13  bbls.  cement  @       2.00 26.00 

10  cu.  yds.  sand  and  gravel        @       1 .00 10.00 

Interest  and  depreciation  on  machine  2 .  00 

$50 . 50 
This  is  the  equivalent  of  $50.50  -^  200,  or  25i  cents   per  block;  or, 
since  the  face  of  the  block  was  9  by  32  inches,  or  exactly  2  square  feet,  the 
equivalent  of  12.6  cents  per  square  foot  of  an  8-inch  wall. 

Another  illustration,  quoted  from  Gillette,  for  a.  10-inch  wall, 
was  itemized  as  follows,  for  each  square  foot  of  wall : 

Sand 2.0  cents 

Cement  @  $1 .  60  per  barrel 4.5    '* 

Labor  @  $1.83  per  day 3.8    " 

Total  per  square  foot 10.3    " 

This  is  apparently  considerably  cheaper  than  the  first  case,  even  after 
allowing  for  the  fact  that  the  second  case  does  not  provide  for  interest,  depre- 
ciation on  plant,  etc.,  which  in  the  first  case  is  only  4  per  cent  of  the  total. 
This  allowance  of  4  per  cent  is  probably  too  small. 

CEMENTING  MATERIALS 

38.  The  principal  cementing  materials  are  Common  Lime, 
Hydraulic  Limey  Pozzuolana,  Natural  Cement,  and  Portland  Cement, 
There  are  a  few  other  varieties,  but  their  use  is  so  limited  that  they 
need  not  be  considered  here. 

39.  Common  Lime.  This  is  produced  by  burning  "limestone" 
whose  chief  ingredient  is  carbonate  of  lime.  Except  in  the  form  of 
marble,  a  limestone  usually  contains  other  substances — perhaps  up 
to  10  per  cent  of  silica,  alumina,  magnesia,  etc.  The  process  of 
burning  drives  off  the  carbonic  acid,  and  leaves  the  protoxide  of 
calcium.  ITiis  is  the  lime  of  commerce;  and  to  preserve  it  from 
deterioration,  it  must  be  kept  dry  and  even  protected  from  a  free 
circulation  of  air.  When  exposed  freely  to  the  air  for  a  long  period, 
it  will  become  air-slaked;  that  is,  it  will  absorb  both  moisture  and 
carbonic  acid  from  the  air,  and  will  lost*  it  •  ability  to  harden.     The 
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first  step  in  using  common  lime  is  to  combine  it  with  water,  which 
it  absorbs  readily  so  that  its  volume  is  increased  to  2i  or  3i  times 
what  it  was  before.  Its  weight  is  at  the  same  time  increased  about 
one-fourth;  and  the  mass,  which  consisted  originally  of  large  lumps 
with  some  pQwder,  is  reduced  to  an  unctuous  mass  of  smooth  paste. 
The  lime  is  then  called  slaked  lime,  the  process  of  slaking  being 
accompanied  by  the  development  of  great  heat.  The  purer  the  lime, 
the  greater  the  development  of  heat  and  the  greater  the  expansion 
in  volume.  It  is'  soluble  in  water  which  is  not  already  '*hard,"  or 
which  does  not  already  contain  considerable  lime  in  solution.  A 
good  lime  will  make  a  smooth  paste  with  only  a  very  small  per- 
centage (less  than  10  per  cent)  of  foreign  matter  or  clinker.  By 
such  simple  means  a  lime  may  be  readily  tested. 

The  hardening  of  common  lime  mortar  is  due  to  the  formation 
of  a  carbonate  of  lime  (substantially  the  original  condition  of  the 
stone)  by  the  absorption  from  the  atmosphere  of  carbonic  oxide. 
This  will  penetrate  for  a  considerable  depth  in  course  of  time;  but 
instances  are  common  in  which  masonry  has  been  torn  dowTi  after 
having  been  erected  many  years,  and  the  lime  mortar  in  the  interior 
of  the  mass  has  been  found  still  soft  and  unset,  since  it  was  hermeti- 
cally cut  off  from  the  carbonic  oxide  of  the  atmosphere.  For  the 
same  reason,  common  lime  mortar  wdll  not  harden  under  w^ater,  and 
therefore  it  is  utterly  useless  to  employ  it  for  work  under  water  or 
for  large  masses  of  masonry. 

WTien  the  qualities  of  slaking  and  expansion  are  not  realized  or 
are  obtained  only  very  imperfectly,  the  lime  is  called  lean  or  poor 
(rather  than  /a/).vand  its  value  is  less  and  less,  until  it  is  perhaps 
worthless  for  use  in  making  mortar,  or  for  any  other  use  except  as 
fertilizer.  The  cost  of  lime  is  about  00  cents  per  barrel  of  230  pounds 
net. 

40.  Hydraulic  Lime.  This  is  derived  from  limestones  con- 
taining about  10  to  20  per  cent  of  clay  or  silica,  which  is  intimately 
mixed  T;\4th  the  carbonate  of  lime  in  the  structure  of  the  stone.  Dur- 
ing the  process  of  burning,  some  of  the  lime  combines  with  the  clay 
(or  the  silica)  so  as  to  form  the  aluminate  or  silicate  of  lime.  The 
excess  of  lime  Ix^comes  quicklime  as  before.  During  the  process  of 
slaking,  which  should  he  done  by  mere  sprinhling,  the  lime  having 
been  intimately  mixed  with,  the  clay  or  silica,  the  expansion  of  the 
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lime  completely  disintegrates  the  whole  mass.  This  slaking  is  done 
by  the  manufacturer.  The  lime  hiiving  a  much  greater  avidity  for 
the  water  than  the  aluminate  or  the  silicate,  the  small  amount  of 
water  used  in  the  slaking  is  absorbed  entirely  by  the  Hme,  and  the 
aluminate  or  the  silicate  is  not  affected.  The  setting  of  hydraulic 
lime  appears  to  be  due  to  the  crystallizing  of  the  aluminate 
and  silicate;  and  since  this  will  be  accomph'shed  even  when  the 
masonry  is  under  water,  it  receives  from  this  property  its  name  of 
hydraulic  lime.  It  is  used  but  little  in  this  country,  and  Ls  all  im- 
ported. 

41.  Pozzuolana  or  Slag  Cement.  Pozzuolana  is  a  form  of 
cementing  material  which  has  been  somewhat  in  use  since  very 
ancient  times.  Apparently  it  was  first  made  from  th(»  lava  from  the 
volcano  Vesuvius,  the  lava  being  picked  up  at  Pozzuoli,  a  village  near 
the  base  of  the  volcano.  It  consists  of  a  combination  of  silica  and 
alumina,  which  is  mixed  with  common  lime.  Its  chemical  composi- 
tion is  therefore  not  very  unlike  that  of  hydraulic  lime.  It  also 
possesses  the  ability  to  harden  under  water.  Its  use  is  very  limited, 
and  its  strength  and  hardness  comparatively  small,  compared  with 
that  of  Portland  cement.  It  should  never  l)e  used  where  it  will  be 
exposed  for  a  long  time  to  dry  air,  even  after  it  has  thoroughly  set. 
It  appears  to  withstand  the  action  of  sea  water  somewhat  Ix^tter  than 
Portland  cement;  and  hence  it  is  sometimes  used  instead  of  Portland 
cement  as  the  cementing  material  for  large  masses  of  masonry  or 
concrete  which  are  to  be  de{)osite(l  in  sea  water,  when  the  stnmgth 
of  the  cement  is  a  comparatively  minor  consideration.  Artificial 
pozzuolana  is  sometimes  made  by  grinding  up  blast-fumace  slag 
which  has  been  found  by  chemical  analysis  to  have  the  correct  chemi- 
cal composition. 

42.  Natural  Cement.  Natural  cement  is  obtained  by  burning 
an  argillaceous  or  a  magnesian  limestone  which  happ(»ns  to  have 
the  proper  chemical  composition.  The  resulting  clinker  is  then 
finely  ground  and  is  at  once  ready  for  use.  Such  cement  was 
formerly  and  is  still  conunonly  called  Rosendalc  cement,  owing 
to  its  having  been  produced  first  in  Rosc^ndale,  Ulster  County, 
New  York.  A  very  large  part  of  the  natural  cement  now  pro- 
duced in  this  country  comes  from  Ulster  County,  New  York, 
or  from  near  l-iouisville,  Kentucky.      Cement    rock    from    which 
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natural  cement  can  l>e  made,  is  now  found  widely  scattered  over 
the  country. 

In  Europe  the  name  Roman  cerdent  is  applied  to  substantially 
the  same  kind  of  product.  Since  the  cement  is  made  wholly  from 
the  rock  just  as  it  is  taken  out  of  the  quarry,  and  also  since  it  is  cal- 
cined at  a  much  lower  temperature  than  that  employed  in  making 
Portland  cement,  it  is  considerably  cheaper  than  Portland  cement. 
On  the  other  hand,  its  strength  is  considerably  less  than  that  of 
Portland  cement,  and  the  time  of  setting  is  much  quicker.  Some- 
times this  quickness  of  setting  is  a  very  important  point — as,  for 
instance,  when  it  is  desired  to  obtain  a  concrete  which  shall  attain 
considerable  hardness  very  quickly.  On  the  other  hand,  the  quick- 
ness of  settmg  may  be  a  serious  disadvantage,  because  it  may  not 
allow  sufficient  time  to  finish  the  concrete  work  satisfactorily  and 
prevent  the  disturbance  of  mortar  which  has  already  taken  an  initial 
set.  Natural  cement  is  still  largely  used,  on  account  of  its  cheapness, 
especially  when  the  cement  is  not  required  to  have  very  great  strength. 
The  disadvantage  due  to  its  quick  setting  (when  it  is  a  disadvantage) 
may  be  somewhat  overcome  by  the  use  of  a  small  percentage  of  lime 
when  mixing  up  the  mortar. 

It  is  not  always  admitted,  at  least  in  the  advertisements,  that  a 
given  brand  of  cement  is  a  natural  cement;  and  the  engineer  must 
therefore  be  on  his  guard,  in  buying  a  cement,  to  know  whether  it  is 
a  quick-setting  natural  cement  of  comparatively  low  strength  or  a 
true  Portland  cement. 

43.  Portland  Cement.  Portland  cement  consists  of  the  prod- 
uct of  burning  and  grinding  an  artificial  mixture  of  carbonate  of 
lime  and  clay  or  slag,  the  mixture  being  very  carefully  proportioned 
so  that  the  ingredients  shall  have  very  nearly  the  fixed  ratio  which 
experience  has  demonstrated  to  give  the  best  results. 

"If  a  deposit  of  stone  containing  exactly  the  right  amount  of  clay,  and 
of  exactly  uniform  composition,  could  be  found,  Portland  cement  could  be 
made  from  it,  simply  by  burning  and  grinding.  For  good  results,  however, 
the  composition  of  the  raw  material  must  be  exact,  and  the  proportion  of 
carbonate  of  lime  in  it  must  not  vary  even  by  one  per  cent.  No  natural 
deposit  of  rock  of  exactly  this  correct  and  unvarying  composition  is  known 
or  likely  ever  to  be  found;  therefore  Portland  cement  is  always  made  from 
an  artificial  mixture,  usually,  if  free  from  organic  matter,  containing  about 
7/)  per  cent  carbonate  of  lime  and  25  per  cent  clay." — S.  B.  Newberry,  in 
Taylor  and  Thompson's  "Concrete  Plain  and  Reinforced.'* 
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As  before  stated,  Portland  cement  is  stronger  than  natural 
cement;  it  sets  more  slowly,  which  is  frequently  a  matter  of  great 
advantage,  and  yet  its  rate  of  setting  is  seldom  so  slow  that  it  is  a 
disadvantage.  Although  the  cost  is  usually  greater  than  that  of 
natural  cement,  yet  improved  methbds  of  manufacture  have  re- 
duced its  cost  so  that  it  is  now  usually  employed  for  all  high- 
grade  work  where  high  ultimate  strength  is  an  important  consid- 
eration. 

In  a  general  way,  it  may  be  said  that  the  characteristics  of 
Portland  cement  on  which  its  value  as  a  material  to  be  used  in  con- 
struction work  chiefly  depends  may  be  briefly  indicated  as  follows  : 

When  the  cement  is  mixed  with  water  and  allowed  to  set,  it 
should  harden  in  a  few  hoiirs,  and  should  develop  a  considerable 
proportion  of  its  ultimate  strength  in  a  few  days.  It  should  also 
possess  the  quality  of  permanency  so  that  no  material  change  in 
form  or  volume  will  take  place  on  account  of  its  inherent  quali- 
ties or  as  the  result  of  exterior  agencies.  There  is  always  found 
to  be  more  or  less  of  shrinkage  in  the  volume  of  cement  and  con- 
crete during  the  process  of  setting  and  hardening;  but  with  any 
cement  of  really  good  quality,  this  shrinkage  is  not  so  great  as  to 
prove  objectionable.  Another  very  important  characteristic  is  that 
the  cement  shall  not  lose  its  strength  with  age.  Although  some 
long-time  tests  of  cement  have  apparently  indicated  a  slight  de- 
crease in  the  strength  of  cement  after  the  first  year  or  so,  this 
decrease  is  nevertheless  so  slight  that  it  need  not  affect  the  design 
of  concrete,  even  assuming  the  accuracy  of  the  general  statement. 

To  insure  absolute  dependence  on  the  strength  and  durability 
of  any  cement  which  it  is  proposed  to  use  in  important  structural 
work,  it  is  essential  that  the  qualities  of  the  cement  be  deter- 
mined by  thorough  tests. 

CEMENT  TESTING 

44.  The  thorough  testing  of  cement,  as  it  is  done  for  the  largest 
public  works,  should  properly  be  done  in  a  professional  testing 
laboratory.  A  textbook  of  several  hundred  pages  has  recently  been 
written  on  this  subject.  The  ultimate  analysis  and  testing  of  cement, 
both  chemically  and  physically,  is  beyond  the  province  of  the  ordinary 
engineer.     But  the  ordinary  engineer  does  have  frequent  occasion 
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to  obtain  cement  in  small  quantities  when  testing  in  professional 
lalxjratories  is  inconvenient  or  umiuly  expensive.  Fortunately  it 
is  possible  to  make  some  simple  tests  without  elaborate  apparatus 
which  ^ill  at  least  show  whether  the  cement  is  radically  defective 
and  unfit  for  use.  It  is  unfortunatelv  true  that  an  occasional  barrel 
of  even  the  best  brand  of  cement  ^-ill  prove  to  be  verj'  inferior  to  the 
standard  output  of  that  brand.  This  practically  means  that  in  any 
important  work,  using  a  large  quantit}-  of  cement,  it  is  not  sufficient 
to  choose  a  brand,  as  the  result  of  preliminarj-  favorable  tests,  and 
then  accept  all  shipments  without  further  test.  Several  barrels  in 
e\'ery  carload  should  be  sampletl  for  testing.  It  is  not  too  much  to 
prescribe  that  every  barrel  should  be  tested  by  at  least  a  few  of  the 
simpler  forms  of  testing  given  below.  The  following  methods  of 
testing  are  condensed  from  the  progress  report  of  the  Conmiittee  on 
Uniform  Tests  of  Cement,  as  selected  by  the  American  Society  of 
Civil  Engineers.  The  statements  may  therefore  be  considered  &s 
having  the  highest  authority  obtainable  on  this  subject. 

45.  Sampling.  The  number  of  samples  that  should  be  taken 
depends  on  the  importance  of  the  work  but  it  is  chiefly  important 
that  the  sample  should  represent  a  fair  average  of  the  contents.  The 
sample  should  be  passed  through  a  sieve  having  twenty  meshes  per 
linear  inch,  in  order  to  break  up  lumps  and  remove  any  foreign 
material.  If  several  small  amounts  are  taken  from  different 
parts  of  the  package,  this  also  insures  that  the  samples  will  be  mixed 
so  that  the  result  will  be  a  fair  average.  \Mien  it  is  only  desired  to 
determine  the  average  characteristic  of  a  shipment,  the  samples  taken 
from  different  parts  of  the  shipment  may  be  mixed,  but  it  will  give 
a  better  idea  of  the  uniformity  of  the  product  to  analyze  the  dif- 
ferent samples  separately.  Cement  should  be  taken  from  a  barrel 
by  boring  a  hole  through  the  center  of  one  of  the  staves,  midway 
between  the  heads,  or  through  the  head.  A  portion  of  the  cement  can 
then  be  withdrawn,  even  from  the  center,  by  means  of  a  sampling  iron 
similar  to  that  used  by  sugiir  inspectors. 

46.  Chemical  Analysis.  Ordinarily,  it  is  impracticable  for  an 
engineer  to  make  a  chemical  analysis  of  cement  which  will  furnish 
n'liable  information  regarding  its  desirabih'ty,  but  the  engineer 
should  understand  something  regarding  the  desirable  chemical 
constituents  of  the  cement.     It  should  be  realized  that  the  fineness 
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of  the  grinding  and  the  thoroughness  of  the  burning  may  have  a  far 
greater  influence  on  the  value  of  the  cement  than  slight  variations 
from  the  recognized  standard  proportions  of  the  various  chemical 
constituents.  Too  high  a  proportion  of  lime  will  cause  failure  in 
the  test  for  soundness  or  constancy  of  volume,  although  a  cement 
may  fail  on  such  a  test  owing  to  improper  preparation  of  the  raw 
material  or  defective  burning.  On  the  other  hand,  if  the  cement 
is  made  from  very  finely  ground  material  and  is  thoroughly  burned, 
it  may  contain  a  considerable  excess  of  lime  and  still  prove  perfectly 
sound.  The  permissible  amount  of  magnesia  in  Portland  cement 
is  the  subject  of  considerable  controversy.  Some  authorities  say 
that  anything  in  excess  of  8  per  cent  is  harmful,  others  declare  that 
the  amount  should  not  exceed  4  per  cent  or  5  per  cent.  The  pro- 
portion of  sulphuric-anhydride  should  not  exceed  1.75  per  cent.  It 
may  be  considered  that  the  other  tests  of  cement  are  a  far  more  reli- 
able indication  of  its  quality  than  any  small  variation  in  the  chemical 
constituents  from  the  proportions  usually  considered  standard. 

47.  Specific  Qravity.  The  specific  gravity  of  cement  is  lowered 
by  under-burning,  adulteratum,  and  hydration,  but  the  adulteration 
must  be  in  considerable  quantities  to  affect  the  results.  Since  the  dif- 
ferences in  specific  gravity  are  usually  very  small,  great  care  must  be 
exercised  in  making  the  tests.  When  properly  made,  the  tests  afford 
a  quick  check  for  under-burning  or  adulteration.  The  determination 
of  specific  gravity  is  conveniently  made  with  Le  Chatelier's  apparatus. 
This  consists  of  a  flask  D,  Fig.  1,  of  120-cu.  cm.  (7.32-cu.  in.)  capac- 
ity, the  neck  of  which  is  about  20  cm.  (7.87  in.)  long;  in  the  middle 
of  this  neck  is  a  ball  C,  above  and  below  which  are  two  marks  F  and 
E;  the  volume  between  these  marks  is  20  cu.  cm.  (1.22  cu.  in.).  The 
neck  has  a  diameter  of  about  9  mm.  (0.35  in.),  and  is  graduated  into 
tenths  of  cu.  cm.  above  the  mark  F.  Benzine  (62°  Baum^  naphtha), 
or  kerosene  free  from  water,  should  be  used  in  making  the  determina- 
tion. 

The  specific  gravity  may  be  determined  in  two  ways: 

First,    The  flask  is  filled  with  either  of  these  liquids  to  the  lower 

mark  E,  and  64  gr.  (2.25  oz.)  of  powder,  pre\iously  dried  at  100° 

Cent.  (212°  Fahr.)  and  cooled  to  the  temperature  of  the  liquid,  is 

gradually  introduced  through  the  funnel  B  (the  stem  of  which  extends 
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into  the  flask  to  the  top  of  the  bulb  C)  until  the  proper  mark  F  is 
reached.  The  difference  in  weight  between  the  cement  remaining 
and  the  original  quantity  (64  gr.)  is  the  weight  which  has  displaced 
20  cu.  cm. 

Second.    The  whole  quantity  of  powder  is  introduced,  and  the 
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Pig.    1.    Le  Chatelicr's  Apparatus  for  Determining  Specific  Gravity. 

level  of  the  liquid  rises  to  some  division  of  the  graduated  neck.  This 
reading  plus  20  cu.  cm.  is  the  volume  displaced  by  64  gr.  of  the  powder. 
The  specific  gravity  is  then  obtained  from  the  formula: 

o      'c    r^      '.          Weight  of  cement 
bpecific  Gravity  =  — — — ^ — • 

Displaced  volume 

The  flask  during  the  operation]  is  kept  in  water  in  a  jar  A  in 
order  to  avoid  variation  in  'the  temperature  of  the  liquid.  The 
results  should  agree  within  0.01. 

48.  Fineness.  It  is  generally  accepted  that  the  coarser  mate- 
rials in  cement  are  practically  inert,  and  it  is  only  the  extremely  fine 
powder  that  possesses  adhesive  cementing  qualities.  The  more  finely 
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cement  is  pulverized,  all  other  conditions  being  the  same,  the  more 
sand  it  will  carry  and  produce  a  mortar  of  a  given  strength.  The  de- 
gree of  pulverization  which  the  cement  receives  at  the  place  of  manu- 
facture is  ascertained  by  measuring  the  residue  retained  on  certain 
sieves.  Those  known  as  No.  100  and  No.  200  sieves  are  recommended 
for  this  purpose.  The  sieve  should  be  circular,  about  20  cm.  (7.87 
inches)  in  diameter,  6  cm.  (2.36  inches)  high,  and  provided  with 
a  pan  5  cm.  (1.97  inches)  deep,  and  a  cover.  The  wire  cloth  should 
be  woven  from  brass  wire  having  the  following  diameters:  No.  100, 
0.0045  inches;  No.  200, 0.0024  inches.  This  cloth  should  be  mounted 
on  the  frame  without  distortion.  The  mesh  should  be  regular  in 
spacing  and  be  within  the  following  limits: 

No.  100,    96  to  100  meshes  to  the  linear  inch. 
No.  200, 188  to  200  meshes  to  the  linear  inch. 


50  grams  (1.76  oz.)  or  100  gr.'  (3.52  oz.)  should  be  used  for  the  test 
and  dried  at  a  temperature  of  100°  Cent,  or  212°  Fahr.,  prior  to 
sieving. 

The  thoroughly  dried  and  coarsely  screened  sample  is  weighed 
and  placed  on  the  No.  200  sieve,  which,  with  pan  and  cover  attached, 
is  held  in  one  hand  in  a  slightly  inclined  position,  and  moved  forward 
and  backward,  at  the  same  time  striking  the  side  gently  with  the  palm 
of  the  other  hand,  at  the  rate  of  about  200  strokes  per  minute.  The 
operation  is  continued  until  not  more  than  j\  of  1  per  cent  passes 
through  after  one  minute  of  continuous  sieving.  The  residue  is 
weighed,  then  placed  on  the  No.  100  sieve  and  the  operation  repeated. 
The  work  may  be  expedited  by  placing  in  the  sieve  a  small  quantity  of 
large  shot.  The  results  should  be  reported  to  the  nearest  tenth  of 
1  per  cent. 

49.  Normal  Consistency.  The  use  of  a  proper  percentage  of 
water  in  making  the  pastes,  cement  and  water,  from  which  pats,  tests 
of  setting,  and  briquettes  are  made,  is  exceedingly  important,  and  af- 
fects vitally  the  results  obtained.  The  determination  consists  in  meas- 
uring the  amount  of  water  required  to  reduce  the  cement  to  a  given 
state  of  plasticity,  or  to  what  is  usually  designated  the  normal  consist- 
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fnicy.  Various  methods  have  been  proposed  for  making  this  deter- 
mination, none  of  whieh  has  l)een  found  entirely  satisfactory.  The 
Committee  recommends  the  following: 

The  apparatus  for  this  i^^i  consists  of  a  frame  K,  Fig.  2,  bearing 
a  movable  rod  L,  with  the  cap  A  at  one  end,  and  at  the  other  the 
cylinder  B,  1  cm.  (0.39  in.)  in  diameter,  the  cap,  rod,  and  cylinder 
weighing  300  gr.  (10.58  oz.).    The  rod,  which  can  be  held  in  any 


fl 
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Fig.  2.    Apparatus  for  Testing  Normal  Consistency  of  Cement. 

desirerl  position  l)y  a  screw  F,  carries  an  indicator,  which  moves 
over  a  scale  (graduated  to  centimeters)  attached  to  the  frame  K. 
The  paste  is  held  by  a  conical,  hard-rubber  ring  I,  7  cm.  (2.76  in.) 
in  diameter  at  the  base,  4  cm.  fl.57  in.)  high,  resting  on  a  glass 
plate  J  about  10  cm.  (3.04  in.  square). 

In  making  the  determination,  the  same  quantity  of  cement  as 
will  be  sub.sequently  used  for  each  batch  in  making  the  briquettes 
(but  not  less  thnn  500  grams)  is  kneaded  into  a  paste,  as  described 
later  in  paragraph  on  ^'Mixing,"  and  quickly  formed  into  a  ball  with 
the  hands,  completing  the  operation  by  tossing  it  six  times  from  one 
hand  to  the  other,  maintained  6  inches  apart;  the  ball  is  then  pressed 
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into  the  rubber  ring,  through  the  larger  opening,  smoothed  oflF,  and 
placed  (on  its  large  end)  on  a  glass  plate  and  the  smaller  end  smoothed 
off  with  a  trowel;  the  paste  confined  in  the  ring,  resting  on  the  plate, 
is  placed  under  the  rod  bearing  the  cylinder,  which  is  brought  in 
contact  with  the  surface  and  quickly  released. 

The  paste  is  of  normal  consistency  when  the  cylinder  penetrates 
to  a  point  in  the  mass  10  mm.  (0.39  in.)  below  the  top  of  the  ring. 
Great  care  must  be  taken  to  fill  the  ring  exactly  to  the  top.  The 
trial  pastes  are  made  with  varying  percentages  of  water  until  the  cor- 
rect consistency  is  obtained.  The  Committee  has  recommended,  as 
normal,  a  paste  the  consistency  of  which  is  rather  wet,  because  it 
believes  that  variations  in  the  amount  of  compression  to  which  the 
briquette  is  subjected  in  moulding  are  likely  to  be  less  with  such  a 
paste.  Having  determined  in  this  manner  the  proper  percentage 
of  water  required  to  produce  a  paste  of  normal  consistency,  the  proper 
percentage  required  for  the  mortars  is  obtained  from  an  empirical 
formula.  The  Committee  hopes  to  devise  a  formula.  The  sub- 
ject proves  to  be  a  very  difficult  one,  and,  although  the  Committee 
has  given  it  much  study,  it  is  not  yet  prepared  to  make  a  definite 
recommendation.  . 

Note.    The  Committee  on  Standard  Specifications  for  Cement 

inserts  the  following  table  for  temporary  use  to  be  replaced  by  one 

to  be  devised  by  the  Committee  of  the  American  Society  of  Civil 

Engineers. 

TABLE  II 

Percentage  of  Water  for  Standard  Sand  Mortars 


Pebcentagb 
OF  Watbr 

FOB 

.Neat  Cement 

One  Cement 

Three 

Standard 

Ottawa  Sand 

Percentage 
OF  Water 

FOR 

Neat  Cement 

One  Cement 

Three 

Standard 

O'lTAWA  Sand 

9.3 

Percentage 

OF  Water 

for 

Neat  Cement 

One  Cement 

Three 

Standard 

O'ri'AWA  Sand 

15 

8.0 

23 

31 

10.7 

16 

8.2 

24 

9.5 

32 

10.8 

17 

8.3 

25 

9.7 

33 

11.0 

18 

8.5 

26 

9.8 

34 

11.2 

19 

8.7 

27 

10.0 

35 

11.6 

20 

8.8 

28 

10.2 

36 

11.6 

21 

9.0 

29 

10.8 

37 

11.7 

22 

9.2 

30 

10.5 

38 

11.8 

1  to  1 

1  to  2 

1  to  3 

1  to  4 

1  to  5 

Cemeut 

500 

333 

250 

200 

167 

Sand 

50Q 

666 

750 

800 

833 

50.    Time  of  Setting.    The  object  of  this  test  is  to  determine  the 
time  which  elapsed  from  the  moment  water  is  added  until  the  paste 
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ceases  to  be  fluid  and  plastic  (called  the  "initial  set*'),  and  also  the 
time  required  for  it  to  acquire  a  ccrtiiin  degree  of  hanlness  (called 
the  "final"  or  "hard  set").  The  former  of  these  is  the  more  important, 
since,  with  the  commencement  of  setting,  the  process  of  crystalliza- 
tion or  hanlening  is  said  to  begin.  As  a  disturbance  of  this  process 
may  produce  a  loss  of  strength,  it  is  desirable  to  complete  the  opera- 
tion of  mixing  and  moulding  or  incorporating  the  mortar  into  the 
work  before  the  cement  begins  to  set.  It  is  usual  to  measure  arbi- 
trarily the  beginning  and  entl  of  the  setting  by  the  penetration  of 
weighted  w^ires  of  given  diameters. 

For  this  purpose  the  Vicat  Needle,  which  has  already  been  de- 
scribed, should  be  used.  In  making  the  test,  a  paste  of  normal  consist- 
ency is  moulded  and  placed  under  the  rod  L,  Fig.  2,  as  described  in  a 
previous  paragniph.  This  rod  bears  the  cap  D  at  one  end  and  the 
needle  H,  1  mm.  (0.039  in.)  in  diameter,  at  the  other,  and  weighs 
300  gr.  (10.58  oz.).  The  needle  is  then  carefully  brought  in  contact 
with  tlic  surface  of  the  paste  and  quickly  released.  The  setting  is 
said  to  have  connnencal  when  the  needle  ceases  to  pass  a  point  5  mm. 
(0.20  in.)  alM>ve  the  uppiT  surface  of  the  glass  plate,  and  is  said  to 
have  tenninate<l  the  moment  the  needle  does  not  sink  visibly  into 
the  mass. 

The  test  pieces  should  be  stoRnl  in  moist  air  during  the 
test;  this  is  accomplished  by  placing  thcni  on  a  rack  over  water  con- 
tained in  a  pan  and  covered  with  a  damp  cloth,  the  cloth  to  be  kept 
away  from  them  by  means  of  a  wire  screen ;  or  they  may  be  stored 
in  a  moist  box  or  closet.  Can^  shoukl  Ix?  taken  to  keep  the  needle 
clean,  as  the  collection  of  cement  on  the  sides  of  the  needle  retards 
the  penetration,  while  cement  on  the  point  rc^duces  the  area  and 
tends  to  incn^ase  the  penetration.  The  determination  of  the  time  of 
setting  is  only  approximate,  lx*ing  materially  affected  by  the  tem- 
perature of  the  mixing  watcT,  the  temperature  and  humidity  of  the 
air  during  the  test,  the  percentage  of  water  used,  and  the  amount 
of  moulding  the  paste  n^ceives. 

The  following  approximate  method,  not  requiring  the  use  of 
apparatus,  is  sometimes  used,  although  not  referred  to  by  the  Com- 
mittee. Spread  cement  paste  of  the  proper  consistency  on  a  piece 
of  glass,  having  the  cement  cake  about  three  inches  in  diameter  and 
about  one  inch  thick  at  the  center,  thinning  towards  the  edges.     When 
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the  cake  is  hani  enough  to  bear  a  gentle  pressure  of  the  finger  nail, 
the  cement  has  lx»gun  to  set,  and  when  it  is  not  indenttHl  by  a  con- 
siderable pressure  of  the  thumb  nail,  it  is  said  to  have  set. 

51 .  Standard  Sand.  The  Commi  t  tee  recognizes  the  grave  objec- 
tions to  the  standard  quartz  now  generally  used,  especially  on  account 
of  its  high  percentage  of  voids,  the  difficulty  of  compacting  in  the 
moulds,  and  its  lack  of  uniformity;  it  has  spent  much  time  in  investi- 
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Fip.  3.    Form  of  nri(|uette. 


gating  the  various  natural  sands  which  appeared  to  l>e  available  and 
suitable  for  use.  For  the  present,  the  Committee  recommends  the 
natural  sand  from  Ottawa,  111.,  screened  to  pass  a  sieve  having  20 
meshes  per  linear  inch  and  retained  on  a  sieve  having  30  meshes  per 
linear  inch;  the  wires  to  have  diameters  of  0.0105  and  0.0112  inches, 
respectively,  i.e.,  half  the  width  of  the  opening  in  each  case.  Sand 
having  passed  the  No.  20  sieve  shall  be  considered  standanl  when 
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not  more  than  one  per  cent  passes  a  No.  30  sieve  after  one  minute 
continuous  sifting  of  a  500-gram  sample. 

52.  Form  of  Briquette.  While  the  fonn  of  the  briquette  recom- 
mended by  a  former  Committee  of  the  Society  is  not  wholly  satis- 
factory, this  Committee  is  not  prepared  to  suggest  any  change,  other 
than  rounding  off  the  comers  by  curves  of  ^-inch  radius,  Fig.  3. 

53.  Moulds.  The  moulds  should  be  made  of  brass,  bronze,  or 
some  equally  non-corrodible  material,  having  sufficient  metal  in  the 
sides  to  prevent  spreading  during  moulding. 

Gang  moulds,  which  permit  moulding  a  number  of  briquettes 
at  one  time,  are  preferred  by  many  to  single  moulds;  since  the  greater 


Fig.  4.    Gang  Moulds. 


quantity  of  mortar  that  can  l>e  mixed  tends  to  produce  greater  uni- 
formity in  the  results.  The  type  shown  in  Fig.  4  is  recommended. 
The  moulds  should  be  wiped  with  an  oily  cloth  l>efore  using. 

54.  Mixing.  All  proportions  should  be  stated  by  weight;  the 
quantity  of  water  to  be  used  should  be  stated  as  a  percentage  of  the 
dry  material.  The  metric  system  is  recommended  because  of  the  con- 
venient relation  of  the  gram  and  the  cubic  centimeter.  The  tem- 
perature of  the  room  and  the  mixing  water  should  be  as  near  21° 
Cent.  (70°  Fahr.)  as  it  is  practicable  to  maintain  it.  The  sand  and 
cement  should  be  thoroughly  mixed  drj\  The  mixing  should  be 
done  on  some  non-absorbing  surface,  preferably  plate  glass.  If  the 
mixing  must  be  done  on  an  absorbing  surface  it  should  be  thoroughly 
dampened  prior  to  use.  The  quantity  of  material  to  be  mixed  at 
one  time  depends  on  the  number  of  test  pieces  to  be  made;  about 
1000  gr.  (35.28  oz.)  makes  a  convenient  quantity  to  mix,  especially 
by  hand  methods. 

The  material  is  weighed  and  placed  on  the  mixing  table,  and  a 
crater  formed  in  the  center,  into  which  the  proper  percentage  of 
clean  water  is  poured;  the  material  on  the  outer  edge  is  turned  into  the 
crater  by  the  aid  of  a  tn)wel.    As  soon  as  the  water  has  been  absorbed, 
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which  should  not  require  more  than  one  minute,  the  operation  is 
completed  by  vigorously  kneading  with  the  hands  for  an  additional 
1 J  minutes,  the  process  l)eing  similar  to  that  used  in  kneading  dough. 
A  sand-glass  affords  a  convenient  guide  for  tlie  time  of  kneading. 
During  the  operation  of  mixing  the  hands  shoukl  he  protected  by 
gloves,  preferably  of  rubber. 

55.  Moulding.  Having  worked  the  paste  or  mortar  to  the 
proper  consistency,  it  is  at  once  placed  in  the  moulds  by  hand.  The 
moulds  should  be  filled  at  once,  the  material  pressed  in  firmly  with  the 
fingers  and  smoothed  off  with  a  trowel  without  ramming;  the  material 
should  be  heaped  up  on  the  upper  surface  of  the  mould,  and,  in 
smoothing  off,  the  trowel  should  be  drawn  over  the  mould  in  such  a 
manner  as  to  exert  a  moderate  pressure  on  the  excess  material.  The 
mould  should  be  turned  over  and  the  operation  repeated.  A  check 
upon  the  uniformity  of  the  mixing  and  moulding  is  afforded  by  w^eigh- 
ing  the  briquettes  just  prior  to  immersion,  or  upon  removal  from  the 
moist  closet.  Briquettes  which  vary  in  weight  more  than  3  per  cent 
from  the  average  should  not  be  tested. 

56.  Storage  of  the  Test  Pieces.  During  the  first  24  hours  after 
moulding,  the  test  pieces  should  be  kept  in  moist  air  to  prevent  them 
from  drying  out.  A  moist  closet  or  chaml)er  is  so  easily  devised  that 
the  use  of  the  damp  cloth  should  be  abandoned  if  possible.  Covering 
the  test  pieces  with  a  damp  cloth  is  objectionable,  as  commonly  ustnl, 
because  the  cloth  may  dry  out  unequally,  and,  in  consequence,  the 
test  pieces  are  not  all  maintained  under  the  same  condition.  Where 
A  moist  closet  is  not  available,  a  cloth  may  be  used  and  kept  uni- 
fonnly  wet  by  immersing  the  ends  in  water.  It  should  be  kept  from 
direct  contact  with  the  test  pieces  by  means  of  a  wire  screen  or  some 
similar  arrangement. 

A  moist  closet  consists  of  a  soapstone  or  slate  box,  or  a  metal- 
lined  wooden  box:  the  metal  lining  l)eing  covered  with  felt  and  this 
felt  kept  wet.  The  bottom  of  the  box  is  so  constructed  as  to  hold 
water,  and  the  sides  are  provided  with  cleats  for  holding  glass  shelves 
on  which  to  place  the  briquettes.  Care  should  be  taken  to  keep 
the  air  in  the  closet  uniformly  moist.  After  24  hours  in  moist  air  the 
test  pieces  for  longer  periods  of  time  should  be  immersed  in  water 
maintained  as  near  21°  Cent.  (70°  Fahr.)  as  practicable;  they  may 
be  stored  in  tanks  or  pans,  which  should  be  of  non-corrodible  material. 
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57.  Tensile  Strength.  The  tests  may  be  made  on  any  standard 
machine.  A  solid  metid  dip,  as  shown  in  Fi^.  5,  is  recommended. 
This  clip  is  to  1^  used  without  cushioning  at  the  points  of  contact 
with  the  test  specimen.  The  l)earing  at  e.acli  point  of  contact  should 
be  J-inch  wide,  and  the  distance  Ix^tween  the  center  of  contact  on  the 

same  clip  should  be  IJ  inches.  Test  pieces 
should  be  broken  as  soon  as  they  are  removed 
from  the  water.  Care  should  be  obsen^ed  in 
centering  the  briquettes  in  the  testing  machine, 
as  cross-strains,  produced  by  improper  center- 
ing, tend  to  lower  the  breaking  strength.  The 
load  should  not  he  applied  too  suddenly,  as  it 
may  produce  vibration,  the  shock  from  which 
often  breaks  the  briquette  l>efore  the  ultimate 
str(*ngth  is  reached.  Care  must  l)e  taken  that 
the  clips  and  the  sides  of  the  briquette  lx»  clean 
and  fR*e  from  grains  of  sand  or  dirt,  which 
would  prevent  a  good  Ix^aring.  The  load  should 
be  applied  at  the  rate  of  000  lbs.  per  minute. 
The  average  of  the  briquettes  of  each  sample 
tested  should  l)e  taken  as  the  test,  excluding 
any  results  which  are  manifestly  faulty. 

58.  Constancy  of  Volume.  The  object  is  to  develop  those  quali- 
ties which  tend  to  destroy  the  strength  and  durability  of  a  cement.  As 
it  is  highly  esst^ntial  to  determine  such  (lualities  at  once,  tests  of  this 
character  are  for  the  most  part  made  in  a  very  short  time,  and  are 
known,  therefore,  as  accelerjited  tests.  Failure  is  revealed  by  crack- 
ing, checking,  swelling,  or  disintegration,  or  all  of  these  phenomena. 
A  cement  which  remains  perfectly  sound  is  said  to  l)e  of  constant 
volume. 

Methods.  Tests  for  constancy  of  volume  are  divided  into  two 
classes: 

(1)  Normal  tests,  or  those  made  in  either  air  or  water  maintained 
at  alK)ut  21°  Cent.  (70°  Fahr.). 

(2)  Accelerated  tests,  or  those  made  in  air,  steam,  or  water  at  a 
temperature  of  45°  Cent.  (115°  Fahr.)  and  upwanl.  The  test  pieces 
should  be  allowed  to  remain  24  hours  in  moist  air  Ix^fore  immersion 
in  water  or  steam,  or  preser\'ation  in  air.     For  these    tests,    pats, 
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about  7i  cm.  (2.95  in.)  in  cHamotor,  1|  cm.  (0.40  in.)  tliick  at  the 
center,  and  tapering  to  a  thin  t^lgc*,  slionld  Ix*  mach*,  upon  a  clean 
glass  plate  [about  10  cm.  (3.94  in.)  scjuart*],  fi'oni  cement  j)aste  of 
normal  consistency. 

Normal  Test.  A  pat  is  immersed  in  water  maintained  as  near 
21®  Cent  (70**  Fahr.)  as  possible  for  28  days,  and  observed  at  inter- 
vals. A  similar  pat  is  maintained  in  air  at  ordinary  temperature 
and  observed  at  intervals. 

Accderaied  Test.  A  pat  is  cxposcnl  in  any  convenient  way  in 
an  atmosphere  of  steam,  above  boiling  water,  in  a  loosely  closed 
vessel,  for  3  hours. 

To  pass  these  tests  satisfactorily,  the  pats  should  rt^main  firm 
and  hard,  and  show  no  signs  of  cmcking,  distortion,  or  disintegration. 
Should  the  pat  leave  tlie  plate,  distortion  may  be  detecttMl  best  with 
a  straig^t-^edge  applied  to  the  surface  which  was  in  contact  with  the 
plate.  In  the  present  state  of  our  knowleilge  it  caimc^t  be  said  that 
cement  should  necessarily  be  condemntMl  simply  for  failui'e  to  pass 
tlie  accelerated  tests:  nor  can  a  cement  Ih?  considered  entirely  satis- 
factory^  simply  because  it  has  passed  diese  tests. 

59.    General  Conditions.    The  connnittee  recommends  that: 

AH  cement  shall  bo  inspected. 

Cement  may  be  inspected  either  at  the  place  of  inanufacturo  or  on  the 
work. 

In  order  to  allow  ample  time  for  inspecting  and  testing,  the  rcnu'nt 
should  be  stored  in  a  suitable  weather-tight  building  having  the  lloor  ]>rop(Tly 
blocked  or  raised  from  the  ground. 

The  cement  shall  be  stored  in  such  a  manner  as  to  permit  easy  access 
for  proper  inspection  and  identification  of  each  shipment. 

Every  facility  shall  be  provided  by  the  contractor,  and  a  period  of  at 
least  twelve  days  allowed  for  the  inspection  and  ncrossury  tests. 

Cement  shall  be  delivered  in  suitable  packages,  witli  the  brand  and 
name  of  manufacturer  plainly  marked  thereon. 

A  bag  of  cement  shall  contain  91  pounds  of  cement,  net.  Each  barrel 
of  Portland  cement  shall  contain  4  bags,  and  each  barrel  of  natural  cement 
shall  contain  3  bags  of  the  above  net  weight. 

Cement  failing  to  meet  the  7-day  requirements  may  be  held  awaiting 
the  results  of  the  28-day  tests,  before  rejection. 

All  tests  shall  be  made  in  accordance  with  the  methods  proposed  by 
the  Committee  on  Uniform  Tests  of  ('foment  of  the  American  Society  of  C'ivil 
Engineers,  presented  to  the  Society  January  21,  1903,  and  ainende«l  January 
20|  1904|  with  all  subsequent  amendments  thereto. 

The  acceptance  or  rejection  sluUl  be  based  on  the  following  re- 
quirements: 
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NATURAL  CEVIENT 

r>().  Definition.  This  term  shall  be  applied  to  the  finely  pul- 
verized pnxluet  resulting  from  the  calcination  of  an  argillaceous 
limestone  at  a  temperature  only  sufficient  to  drive  off  the  carbonic 
acid  gas. 

01.  Specific  Gravity.  The  specific  gravity  of  the  wment 
thoroughly  dried  at  100°  C,  shall  be  not  less  than  2.8. 

02.  Fineness.  It  shall  leave  by  weight  a  residue  of  not  more 
than  10  per  cent  on  the  No.  100,  and  30  per  cent  on  the  No.  200  sieve. 

63.  Time  of  Setting.  It  shall  develop  initial  set  in  not  less  than 
ten  miimtes,  and  hard  set  in  not  less  than  thirty  minutes,  nor  mow 
than  three  hours. 

04.    Tensile  Strength.    The  minimum  re<^iuirt»ments  for  tensile 

strength  for  l)ri(|uettes  one  inch  s(|uare  in  cross-s(»ction, shall  Ix*  within 

the  following  limits,  and  shall  show  no   retrogrt\ssion    in   strength 

within  the  {x^riods  s|x?cified: 

Neat  Cement 
Arc  Strenfnh 

24  hours  in  moist  air 50-100    lbs. 

7  days  (1  day  in  moist  air,    0  days  in  water) 1O0-20O      " 

28  days  (1  day  in  moist  air,  27  days  in  water) 200-300 

One  Part  Cement,  Thiiee  Parts  Standard  Sand 

7  days  (1  day  in  moist  air,    0  days  in  water) 25-  75 

28  days  (1  day  in  moist  air,  27  days  in  water) 75-150 

Go.  Constancy  of  Volume.  Pats  of  neat  cement  about  three 
inches  in  diameter,  one-half  inch  thick  at  the  center,  and  ta peering  to 
a  thin  edge,  shall  be  kept  in  moist  air  for  a  jxTiod  of  twenty-four 
hours. 

(a)     A  pat  is  then  kept  in  air  at  normal  temperature. 

(h)  Another  is  kept  in  water  maintained  as  near  70°  F.  as 
practicable. 

These  pats  are  observed  at  inter\'als  for  at  least  28  days,  and, 
to  pass  the  tests  satisfactorily,  should  remain  firm  and  hard  and 
show  no  signs  of  distortion,  cracking,  or  disintegrating. 

PORTLAND  CEMENT 

6G.  Definition.  This  term  is  applied  to  the  finely  pulverized 
product  resulting  from  the  calcination  to  incipient  fusion  of  an 
intimate   mixture   of  properly   proportioned   argillaceous   and   cal- 
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careous  materials,  to  which  no  addition  greater  than  '^  jht  cent  has 
been  made  subsecjuetit  to  calcination. 

G7.  Specific  Gravity,  The  specific  gravity  of  the  cement, 
thoroughly  dried  at  100*^  C,  shall  be  not  less  than  3.10. 

OS.  Fineness.  It  shall  leave  by  weight  a  residue  of  not  mort* 
than  8  per  cent  on  the  No.  100  sieve,  and  not  more  than  25  per  cent 
on  the  No.  200  sieve. 

69.  Time  of  Setting.  It  shall  develop  initial  set  in  not  less 
than  thirty  minutes,  and  must  develop  hard  set  in  not  less  than  one 
hour  nor  more  than  ten  hours. 

70.  Tensile  Strength.  The  minimum  requirements  for  tensile 
strength  for  briquettes  one  inch  square  in  section,  shall  be  within  the 
following  limits,  and  shall  show  no  retrogression  in  strength  within 
the  periods  specified: 

Neat  Cement 
Ago  Strength 

24  hours  in  moist  air 150-200  lbs. 

7  days  (1  day  in  moist  air,    6  days  in  water) 450-550    " 

28  days  (1  day  in  moist  air,  27  days  in  water) 550-650    " 

One  Part  Cement,  Three  Parts  Sand 

7  days  (1  day  in  moist  air,    6  days  in  water) 150-200    '* 

28  days  (1  day  in  moist  air,  27  days  in  water) 200-300    " 

Constancy  of  Volume,  Pats  of  neat  cement  about  three  inches 
in  diameter,  one-half  inch  thick  at  the  center,  and  tapering  to  a  thin 
e<lge,  shall  be  kept  in  moist  air  for  a  periotl  of  twenty-four  hours. 

(a)  A  pat  is  then  kept  in  air  at  normal  tempt^rature  and  ob- 
served at  intervals  for  at  least  28  days. 

(b)  Another  pat  is  kept  in  water  maintained  as  near  70°  F.  as 
practicable,  and  ol)served  at  intervals  for  at  least  2.S  days. 

(c)  A  third  pat  is  exposed  in  any  convenient  way  in  an  atmos- 
phere of  steam,  above  boiling  water,  in  a  loosely  closed  vessel,  for 
five  hours. 

These  pats,  to  pass  the  requirements  satisfactorily,  shall  remain 
firm  and  hard,  and  show  no  signs  of  distortion,  checking,  cracking,  or 
disintegrating. 

71.  Sulphuric  Acid  and  Magnesia.  The  cement  shall  not  con- 
tain more  than  1.75  per  cent  of  anhydrous  sulphuric  acid  (SOg), 
and  not  more  than  4  per  cent  of  magnesia  (MgO). 

72.  Testing   Machines.    There  are  many  varieties  of  testing 
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:iBF%.6.  Bismnset- 
|ifw  /.  vbicfa  b  dosed 
vith  a  valrr  8l  the 
botttMB.  Tbe  briquette 
u  caivAiIh- placed  be- 
mctt  the  dips,  as 
afaown  in  ibe  figure, 
aad  dK  wheel  />  b 
iBnHd  ODiil  (be  ind^ 
cakKsateinEoe.  The 
hook  ienr  Y  is  moved 
ID  that  a  screw  worm 
is  eoga^  with  its 
gear  Then  open  the 
auiomatic  vmlvv  J  so 
as  lo  allow  the  shot  to 
mn  into  the  cup  F. 
By  means  of  a  small 
T^lve.  die  flow  of  shot 
into  die  tnip  may  be 
ifgubied.  Better  re- 
sults will  be  obtained 
br  alloaing  the  shot 
lo  run  slowly  into  the 
cap.  The  crank  is  then 
turned  with  just  suf- 
Bcient  speed  so  that  the  scale  beam  is  held  in  pasitioD  uDtil  the 
briqiiette  is  broken.  Upon  the  breaking  of  the  briquotte,  the  scale 
beam  falls,  and  automaticallv  closes  the  ^-alve  J.  The  weight  of 
the  shot  in  the  cup  F  then  indicates,  according  to  some  definite 
ratio,  the  stress  required  to  break  the  briquette. 
SAND 
73.  Sand  is  nearly  alwars  a  constituent  part  of  mortar  and 
(•xru-relc.  The  strength  of  the  masonrj'  is  dependent  to  a  consider- 
ubli-  extent  on  the  qualities  of  the  sund,  and  it  is  therefore  important 
tluil  llie  desirable  and  the  defective  qualities  should  be  understood. 
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74.  Object.  The  chief  object  of  the  sand  is  economy.  If  the 
joints  between  stones,  especially  in  rubble  masonry,  were  filled  with 
a  paste  of  neat  cement,  the  cost  would  be  excessive,  and  the  increase 
in  the  strength  of  the  masonry,  if  any,  would  be  utterly  dispropor- 
tionate to  the  great  increase  in  cost.  Secondly,  the  use  of  sand  is  a 
practical  necessity  in  lime  mortar,  since  neat  lime  will  contract  and 
crack  verj'  badly  when  it  hardens. 

75.  Essential  Qualities.  The  word  "sand"  as  used  above  is 
intended  as  a  generic  term  to  apply  to  any  finely  divided  material 
which  will  not  injuriously  affect  the  cement  or  lime,  and  which  is  not 
subject  to  disintegration  or  decay.  Sand  is  almost  the  only  ma- 
terial that  is  sufficiently  cheap,  which  will  fulfil  these  requirements, 
although  stone  screenings  (the  finest  material  coming  from  a  stone 
crusher),  powdered  slag,  and  even  coal  dust  have  occasionally  been 
used  as  substitutes.  Specifications  usually  demand  that  the  sand 
shall  be  "sharp,  clean,  and  coarse,"  and  such  terms  have  been  re- 
peated so  often  that  they  are  accepted  as  standard  notwithstanding 
the  frequent  demonstration  that  modifications  of  these  terms  are 
not  only  desirable  but  also  economical.  These  words  also  ignore 
other  qualities  which  should  be  considered,  especially  when  deciding 
between  two  or  more  different  sources  of  sand  supply. 

76.  Geological  Character.  Quartz  sand  is  the  most  durable 
and  unchangeable  Sands  which  consist  largely  of  grains  of  feld- 
spar, mica,  hornblende,  etc.,  which  will  decompose  upon  prolonged 
exposure  to  the  atmosphere,  are  less  desiral)le  than  quartz,  although, 
after  Ixjing  made  up  into  the  mortar,  they  are  virtually  protected 
against  further  decomposition. 

77.  Coarseness.  A  mixture  of  coarse  and  fine  grains,  with 
the  coarse  grains  predominating,  is  found  very  satisfactory,  as  it 
makes  a  denser  and  stronger  concrete  with  a  less  amount  of  cement 
than  when  coarse-grained  sand  is  used  with  the  same  proportion  of 
cement.  The  small  grains  of  sand  fill  the  voids  caused  by  the  coarse 
grains  so  that  there  is  not  so  great  a  volume  of  voids  to  be  filled  by 
the  cement.  The  sharpness  of  sand  can  be  determined  approxi- 
mately by  rubbing  a  few  grains  in  the  hand  or  by  crushing  it  near 
the  ear  and  noting  if  a  grating  sound  is  produced;  but  an  examina- 
tion through  a  small  lens  is  l)etter. 

78.  Sharpness.     Experiments  have  shown  that  round  grains  of 
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sand  have  less  voids  than  angular  ones,  and  that  water-worn  sands 
have  from  3  per  cent  to  5  per  cent  less  voids  than  corresponding  sharp 
grains.  In  many  parts  of  the  country  where  it  is  impossible,  except  at 
a  great  expense,  to  obtain  the  sharp  sand,  the  round  grain  is  used  with 
very  good  results.  Laboratory  tests  made  under  conditions  as  nearly 
as  possible  identical,  show  that  the  rounded-grain  sand  gives  as  good 
results  as  the  sharp  sand.  In  consequence  of  such  tests,  the  re- 
quirement that  sand  shall  be  sharp  is  now  considered  useless  by 
many  engineers,  especially  when  it  leads  to  additional  cost. 

79.  Cleanness.  In  all  specifications  for  concrete  work,  is  found 
the  clause:  *'The  sand  shall  be  clean.*'  This  requirement  is  some- 
times questioned,  as  exjx^rimenters  have  found  that  a  small  per- 
centage of  clay  or  loam  often  gives  l>etter  results  than  when  clean  sand 
is  used.  "Lean"  mortar  may  be  improved  by  a  small  percentage  of 
clay  or  loam,  or  by  using  dirty  sand,  for  the  fine  material  increases  the 
density.  In  rich  mortars,  this  fine  material  is  not  needed,  as  the 
cement  furnishes  all  the  fine  material  necessary,  and  if  clay  or  loam 
or  dirty  sand  were  used,  it  might  prove  detrimental.  Whether  it  is 
really  a  benefit  or  iiot,  depends  chiefly  upon  the  richness  of  the  con- 
crete and  the  coarseness  of  the  sand.  Some  idea  of  the  cleanliness 
of  sand  may  Ik;  obtained  by  placing  it  in  the  palm  of  one  hand  and 
rubbing  it  with  the  fingers  of  the  other.  If  the  sand  is  dirty,  it 
will  badly  discolor  the  palm  of  the  hand.  When  it  is  found  nec- 
essary to  use  dirty  sand,  the  strength  of  the  concrete  should  be 
tested. 

Sand  containing  loam  or  earthy  material  is  cleansed  by  wash- 
ing with  water,  eitlicr  in  a  machine  specially  designed  for  the  pur- 
pose, or  by  agitating  the  sand  with  water  in  boxes  provided  with 
holes  to  permit  the  dirty  water  to  flow  away. 

Very  fine  sand  may  be  used  alone,  but  it  makes  a  weaker  con- 
Crete  than  either  coarse  sand  or  coarse  and  fine  sand  mixed.  A 
mortar  consisting  of  very  fine  sand  and  cement  will  not  be  so  dense 
as  one  of  coarse  sand  and  the  same  cement,  although,  when  measured 
or  weighed  dry,  lK)th  contain  the  same  proportion  of  voids  and 
solid  matter.  In  a  unit  measure  of  fine  sand,  there  are  more  grains 
than  in  a  unit  measure  of  coarse  sand,  and  therefore  rnort*  points  of 
contact.  More  water  is  re(|uired  in  gauging  a  mixture  of  fine  sand 
and  cement  than  in  a  mixture  of  coarse  sand  and  the  same  cement. 
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The  water  forms  a  film  and  separates  the  grains,  thus  producing  a 
larger  volume  having  less  density. 

The  screenings  of  broken  stone  are  sometimes  used  instead  of 
sand.  Tests  frequently  show  a  stronger  concrete  when  screenings 
are  used  than  when  sand  is  used.  This  is  perhaps  due  to  the  vari- 
able sizes  of  the  screenings,  which  would  have  a  less  percentage 
of  voids. 

80.  Percentage  of  Voids.  As  before  stated,  a  mortar  is  strongest 
when  composed  of  fine  and  coarse  grains  mixed  in  such  proportion 
that  the  percentage  of  voids  shall  be  the  least.  The  simplest  method 
of  comparing  two  sands  is  to  weigh  a  certain  gross  volume  of  each, 
the  sand  having  been  thoroughly  shaken  down.  Assuming  that  the 
stone  itself  of  each  kind  of  sand  has  the  same  density,  then  the  heavier 
volume  of  sand  will  have  the  least  percentage  of  voids.  The  actual 
percentage  of  voids  in  packed  sand  may  be  approximately  determined 
by  measuring  the  volume  of  water  which  can  be  added  to  a  given 
volume  of  packed  sand.  If  the  water  is  poured  into  the  sand,  it  is 
quite  certain  that  air  will  remain  in  the  voids  in  the  sand,  which  will 
not  be  dislodged  by  the  water,  and  the  apparent  volume  of  voids  will 
be  less  than  the  actual.  The  precise  determination  involves  the 
measurement  of  the  specific  gravity  of  the  stone  of  which  the  sand 
is  composed,  and  the  percentage  of  moisture  in  the  sand,  all  of  which 
is  done  with  elaborate  precautions.  Ordinarily  such  precise  deter- 
minations are  of  little  practical  value,  since  the  product  of  any  one 
sandbank  is  quite  variable.  While  it  would  be  theoretically  possible 
to  mix  fine  and  coarse  sand,  varying  the  ratios  according  to  the  vary- 
ing coarseness  of  the  grains  as  obtained  from  the  sand-pit,  it  is  quite 
probable  that  an  over-refinement  in  this  particular  would  cost  more 
than  the  possible  saving  is  worth.  (Ordinarily  sand  has  from  28  to 
40  per  cent  of  voids.  An  experimental  test  of  sand  of  various  degrees 
of  fineness,  122  per  cent  of  it  passing  a  No.  100  sieve,  showed  only 
22  per  cent  of  voids;  but  such  a  value  is  of  only  theoretical  interest. 

BROKEN  STONE 

81.  This  term  ordinarily  signifies  the  product  of  a  stone  crusher 
or  the  result  of  hand-breaking  by  hammering  large  blocks  of  stone; 
but  the  term  may  also  include  gravel,  described  below. 

82.  Classification   of  Stones.    The  best,   hardest,  and  most 
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durable  broken  stone  comes  from  the  trap  rocks,  which  are  dark, 
heavy,  close-grained  rocks  of  igneous  origin.  The  term  granite  is 
usually  made  to  include  not  only  true  granite,  but  also  gneiss,  mica 
schist,  syenite,  etc.  These  are  just  as  good  for  concrete  work,  and 
are  usually  less  expensive.  Limestone  is  suitable  for  some  kinds  of 
concrete  work;  but  its  strength  is  not  so  great  as  that  of  granite  or 
trap  rock,  and  it  is  more  affected  by  a  conflagration.  Conglomerate^ 
often  called  pudding  stcme,  makes  a  very  good  concrete  stone.  Tlie 
value  of  sandstone  for  concrete  is  very  variable  according  to  its  tex- 
ture. Some  grades  are  very  compact,  hard,  and  tough,  and  make  a 
good  concrete;  other  grades  are  friable,  and,  like  shale  and  slate,  arc 
practically  unfit  for  use.  (travel  consists  of  pebbles  of  various  sizes, 
produced  fn)m  stones  which  have  been  broken  up  and  then  worn 
smooth  with  rounded  comers.  The  very  fact  that  they  have  been 
exposed  for  indefinite  jH^riods  to  atmospheric  disintegration  and 
mechanical  wear,  is  a  proof  of  the  durabilty  and  mechanical  strength 
of  the  stone. 

83.  Size  of  Stone  and  its  Uniformity,  There  is  hardly  any 
limitation  to  the  size  of  stone  which  may  be  used  in  large  blocks  of 
massive  concrete,  since  it  is  now  frecjuently  the  custom  to  insert 
thest*  large  blocks  and  fill  the  spaces  In^tween  them  with  a  concrete 
of  smaller  stone.  But  the  term  broken  stone  should  he  confined  to 
those*  pieces  of  a  size  which  may  be  readily  mixed  up  in  a  mass,  as  is 
done  when  mixing  concrete;  and  this  virtually  Hmits  the  size  to  stones 
which  will  pass  thn)ugli  a  22-inch  ring.  The  lower  limit  in  size  is 
very  indefinite,  since  the  product  of  a  stone  crusher  includes  all  sizes 
down  to  stone  dust  screenings,  such  as  are  substituted  partially  or 
entirely  for  sand,  as  previously  noted.  Practically  the  only  use  of 
broken  stone  in  masonry  construction  is  in  the  making  of  concrete; 
and,  since  one  of  the  most  essential  features  of  good  concrete  con- 
stniction  is  that  the  concrete  shall  have  the  greatest  possible  density, 
it  is  important  to  reduce  the  [x»rcentage  of  voids  in  the  stone  as  much 
as  possible.  This  percentage  can  be  determined  with  sufficient 
accuracy  for  ordinary  unimj)ortant  work,  by  the  very  simple  method 
previously  described  for  obtaining  that  piTcentage  with  sand — 
namely,  by  measuring  how  mucli  water  will  be  recjuired  to  fill  up  the 
caviti(\s  in  a  given  volnnic  of  dry  stone.  As  before,  such  a  simple 
determination  is  somewhat  inexact,  owing  to  the  probability  that 


50 


aUSOXRY  AND  REINFOUCEI)  CONCRETE  41 


huhbles  of  air  will  Ik*  retained  in  the  stone  which  will  reduce  the 
jx»rc*enta^*  somewhat,  and  also  l)ecause  of  the  uncertainty  involved 
as  to  whether  the  stone  is  previously  dry  or  is  saturated  with  water. 
Some  engineers  drop  the  stone  slowly  into  the  vessel  containing  the 
water,  rather  than  pour  the  water  into  the  vessel  containing  the 
stone,  with  the  idea  that  the  error  due  to  the  formation  of  air  bubbles 
will  Ix^  decreased  by  this  method.  The  percentage  of  ern)r,  however, 
due  to  such  causes,  is  far  less  than  it  is  in  a  similar  test  of  sand,  and 
the  error  for  onlinary  work  is  too  small  to  have  any  practical  effect 
on  the  rt»sult. 

M.  Example.  A  pail  having  a  mean  inside  diameter  of  10 
inches  and  a  height  of  14  inches  is  filled  with  broken  stone  well 
shaken  down ;  a  similar  pail  filled  with  water  to  a  depth  of  S  niches 
is  pt)un*il  into  the  pail  of  stone  until  the  w^ater  fills  up  all  the  cavities 
and  is  level  with  the  top  of  the  stone;  there  is  still  2{  inches  depth 
of  water  in  the  [)ail.  This  means  that  a  depth  of  5J  inches  has  Ix^en 
use<l  to  fill  up  the  voids.  The  area  of  a  10-inch  circle  is  7(S  .54  sciuare 
inches  and  therefore  the  volume  of  the  broken  stone  was  78.54  X  14 
=  1,0^)0. 5()  cubic  inches.  The  volume  of  the  water  used  to  fill  the 
[)ail  was  78.54  X  5.75,  or  451.6  cubic  inches.  This  is  41  jku*  cent 
of  the  volume  of  the  stone,  and  is  in  this  case  the  {XTcrntagc  of  voids. 
The  accuracy  of  the  alx)ve  computation  dejx'iids  largely  on  the 
accuracy  of  the  measurc*ment  of  the  mean  imidc  diameter  of  the  pail. 
If  the  [)ail  were  tnily  cyhndrical,  there  would  Ix*  no  inaccuracy.  If 
the  pail  is  flaring,  the  inaccuracy  might  Ix*  considerable;  and  if  a 
pn.»cise  value  is  desired,  more  accurate  metlnxls  should  Ix^  chosen  to 
measure  the  volume  of  the  stone  and  of  the  water. 

It  is  invariably  found  that  unscreened  stone  or  the  run  of  the 
crusher  has  a  far  less  jx?rcentage  of  voids  than  scrt^ened  stone,  and 
it  is  therefore  not  only  an  extra  ex{x»nsi»,  but  also  an  injury  to  the  con- 
crete, to  specify  that  broken  stcme  shall  Ix*  screened  before  Ix'ing  used 
in  concrete,  unless,  as  descrilxnl  later,  it  is  intended  to  mix  definite  pro- 
portions of  several  sizc»s  of  carefully  screened  broken  stone.  Sinci' 
the  proportion  of  large  and  small  particles  in  the  run  of  the  crusher 
depends  considerably  upon  the  character  of  the  stone  which  is  InMug 
bn>ken  up,  and  perhaps  to  some  extent  on  the  crusher  itself,  these 
pn>portions  should  Ix;  tested  at  frecpient  intervals  during  the  prog- 
ress of  the  work;  and  the  amount  of  sand  to  Ix*  added  to  make  a 
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grxxl  concrete  shoulc)  [yo  (letermincfl  bv  trial  tests,  so  that  the  resulting 
|K*rct»ntage  of  voids  shall  Ik»  as  small  as  it  is  practicable  to  make  it. 
It  is  usually  found  that  the  piTcentage  of  voids  in  cnisher-run  granite 
is  a  little  larger  than  in  limestone  or  gravel.  This  gives  a  slight  ad- 
vantage to  the  limestone  and  gravel,  which  tends  to  compensate  for 
the  weakness  of  the  limestone  and  the  rounded  comers  of  the  gravel. 

So.  Broken  stone  is  frecjuently  sold  bv  the  ton,  instead  of  by 
the  cubic  yard;  but  as  its  weight  varies  from  2,200  to  3,200  pounds 
jKT  cubic  yarfl,  an  engineer  or  contractor  is  uncertain  as  to  how  many 
cubic  yanls  he  is  buying  or  how  much  it  costs  him  pi»r  cubic  yanl, 
unU»ss  he  is  able  to  test  the  particular  stone  and  obtain  an  avenige 
figure  as  to  its  weight  jx^r  unit  of  volume. 

sr>.  Cinders.  Cinders  for  concrete  should  Ik»  fR'c  from  coal  or 
s(K)t.  Usually  a  Ix'tter  mixtUR*  can  Ik»  obtained  by  screening  the 
fine  stuff  from  the  cinders  and  then  mixing  in  a  largi'r  proportion  of 
s;md,  than  by  using  unscreened  material,  although,  if  the  fine  stuff 
is  uniformlv  distributed  through  the  mass,  it  mav  Ix*  ustxl  without 
s<'reening,  and  a  less  proportion  of  sand  used. 

As  shown  later,  the  strength  of  cinder  concrete  is  far  less  than 
that  of  stone  concrete;  and  on  this  account  it  cannot  l)e  used  where 
high  compressive  values  are  necessary.  But  on  acc*ount  of  its  very 
low  cost  compared  with  broken  stone,  espt»cially  under  some  c*on- 
ditions,  it  is  used  (piite  commonly  for  roofs,  etc.,  on  which  the  loads 
are  comparatively  small. 

One  jK)ssibie  objection  to  the  use*  of  cinders  lies  in  the  fact  that 
th(\y  frecpiently  contain  sulphur  and  other  chemicals  which  may 
produce  corrosion  of  the  reinforcing  steel.  In  any  structUR*  where 
the  strength  of  the  concrete  is  a  matter  of  imjK)rtance,  cinders  should 
not  be  used  without  a  thorough  ins|XTtion,  and  even  then  the  unit 
coTnjm'ssive  values  allowed  should  l)e  at  a  very  low  figure. 

MORTAR 

S7.  The  term  mortar  is  usually  applied  to  the  mixture  of  sand 
and  cementing  material  which  is  placed  In^twecn  the  large  stones  of  a 
stone  structure,  although  the  term  might  also  Ik.*  pro|)erly  applied  to 
the  matrix  of  the  concrete  in  which  broken  stone  is  enilKHlded.  The 
object  of  the  mortar  is  to  furnish  a  cnsliion  for  the  stones  al>ove 
it,  which,  as  far  as  |M)ssible,  distributes  the  pressun*  uniformly  and 
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n»Iieves  the  stones  of  transverse  stresses  and  also  from  the  concen- 
trated crushing  pressures  to  which  the  projecting  points  of  the  stone 
would  he  subjected. 

88.  Common  Lime  Mortar.  The  first  step  in  the  preparation 
of  common  hme  mortar  is  the  slaking  of  the  lime.  This  should  W 
done  by  putting  the  lime  into  a  water-tight  box,  or  at  least  on  a  plat- 
form which  is  substantially  water-tight,  and  on  which  a  sort  of  pond 
is  formed  by  a  ring  of  sand.  The  amount  of  water  to  be  used  should 
be  from  2  J  to  3  times  the  volume  of  the  unslaked  lime. 

The  ** volume"  of  unslaked  lime  is  a  very  uncertani  quantity, 
varying  with  the  amount  of  settlement  caused  by  mere  shaking  which 
it  may  receive  during  transit.  A  barrel  of  lime  means  230  pounds. 
If  the  barrel  has  a  volume  of  3.75  cubic  feet,  it  would  Ix?  just  filled 
by  230  {X)unds  of  lime  when  this  lime  weighed  alx)ut  61  pounds  per 
cubic  foot.  This  same  lime,  however,  may  Ik»  so  shaken  that  it  will 
weigh  75  pounds  per  cubic  foot,  in  which  case  its  volume  is  reduced 
to  81  per  cent,  or  3.05  cubic  feet.  Combining  this  with  2\  to  3  times 
its  volume  of  water,  will  recjuire  about  8^  cubic  feet  of  water  to  one 
barrel  of  lime.  On  the  other  hand,  if  the  lime  has  absorbed  moisture 
from  the  atmosphere,  and  has  become  more  or  less  air-dakcd,  its 
volume  may  become  very  materially  increased. 

Although  q\osv.  accuracy  is  not  necessary,  the  lime  paste  will  l)e 
injured  if  the  amount  of  water  is  too  much  or  too  little.  In  short, 
the  amount  of  water  should  l)e  as  near  as  possible  that  which  is  chemi- 
cally required  to  hydrate  the  lime,  so  that  on  the  one  hand  it  shall  l)e 
completely  hydrated,  and  on  the  other  hand  it  shall  not  be  drowned 
in  an  excess  of  water  which  will  injure  its  action  in  ultimate  harden- 
ing. About  three  volumes  of  sand  should  be  used  to  one  volimie  of 
lime  paste.  Owing  to  the  fact  that  the  paste  will,  to  a  considerable 
extent,  nearly  fill  the  voids  in  the  sand,  the  volume  obtained  from  one 
barrel  of  unslaked  lime  made  up  into  a  mortar  consisting  of  one  part 
of  lime  paste  to  three  parts  of  sand,  will  make  about  6.75  barrels  of 
mortar,  or  a  little  less  than  one  cubic  vard. 

89.  Natural  Cement  Mortar.  This  is  largely  used,  especially 
when  mixed  with  lime  to  retard  the  setting,  in  the  construction  of 
walls  of  buildings,  cellar  foundations,  and,  in  general,  in  masonry 
where  the  unit-stresses  an*  so  low  that  strength  is  a  minor  considera- 
tion, but  where  a  lime  mortar  would  not  harden  Ix^cause  it  is  to  be 
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Fig.  7.    IJoiiumlp^**  Box  fi>r  Mea^uriim 

Sau'l. 


under  water  or  in  a  solid  mass  where  the  earlx>nic  aeid  of  the  at- 
mosphere could  not  penetrate  to  the  interior.  ^Vhen  natural  cement 
is  dumped  loosely  in  a  pile,  the  apparent  vohmie  is  increased  one- 
third  or  even  one-half.     This  must  Ix?  allowed  for  in  mLxing.     A 

barrel  averages  3.3  cubic  feet. 
Therefore  a  1 :4  mortar  of  natural 
cement  would  recjuire  one  barrel 
of  Clement  to  13.2  cubic  fc*et 
(aljout  one-half  a  cubic  yard)  of 
siind.  A  lx)ttomless  l>ox  similar 
to  that  illustrateil  in  Fig.  7,  and 
with  inside  dimensions  of  3  feet 
X  2  ft^t  (i  inches  X  1  foot  9 
inches,  contains  13.2  cubic  feet. 
It  is  pR»ferable  to  use  even  charges 
of  one  barrt»l  of  c-ement  in  mixing  up  a  l>atch  of  mortar,  rather  than 
to  dump  it  out  and  measure*  it  loosely.  If  the  size  of  the  barrel  varies 
from  the  average  value  given  alx)ve,  the  size  of  the  sand  box  should 
be  varied  accordingly.  The  barrels  coming  from  any  one  cement 
mill  may  usually  Ix.*  considered  as  of  uniform  capacity.  Since  it  is 
practically  somewhat  difficult  to  measuR*  rccurately  the  volume  of 
a  barrel,  owing  to  its  swelling  form,  it  is  l)est  to  fill  a  sample  barrel 
with  loose,  dry  sand,  and  then  to  measure  the  volume  of  that  sand  hy 
emptying  it  into  a  rectangular  Imix  whos<'  inside  area,  together  with 
the  height  of  siind  in  it,  can  l)e  readily  nieasUR^d. 

IX).  Portland  Cement  .Mortar.  A  barRi  of  Portland  cement 
will  contain  370  to  3M)  pounds,  net,  of  cement.  Its  capacity 
averages  al>out  3.3  cubic  feet,  although  with  some  brands  the  ca- 
[Kicity  may  reach  3.73.  The  expansion  when  the  cement  is  thrown 
lrK)sely  in  a  pile  or  hito  a  measuring  Ih)x,  varies  from  10  to  40  pcT 
ct»nt.  The  subject  will  l)e  discussed  further  under  the  head  of 
'^Concrete.'* 

01.  Lime  in  Cement  Mortar.  Lime  is  fR^rjuently  employed 
in  the  cement  mortar  used  for  buildings,  for  a  combination  of  reasons: 

(a)  It  is  unqiu'stioruibly  niorc  rcononiical;  hut  if  the  {)orcentage  added 
(or  that  which  rf  plaf<'s  thf  crTncn?  is  iiioro  than  about  o  |>or  cent,  the  strength 
of  the  mortar  is  sarrific**!.  I  }»••  jxTccntaL:*'  of  loss  of  strength  de|)ends  on 
the  richnj'ss  rif  thr*   niortar. 

(b)  When  used  with  a  mortar  leaner  than   1:2,  the  substitution  of 
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about  10  per  cent  of  lime  for  an  equal  weight  of  cement  will  render  concrete 
more  water-tight,  although  at  some  sacrifice  in  strength. 

(r)  It  always  makes  the  mortar  work  more  easily  and  smoothly.  In 
fact,  a  rich  cement  mortar  is  very  brash;  it  w^ill  not  stick  to  the  bricks  or 
stones  when  striking  a  joint.  It  actually  increases  the  output  of  the  masons 
to  use  a  mortar  which  is  rendered  smoother  by  the  addition  of  lime. 

The  substitution  of  more  than  20  per  eent  of  Hme  decreases  the 
strength  faster  than  the  decrease  in  cost,  and  therefore  should  not 
be  permitted  unless  strc»ngth  is  a  secondary  consideration  and  the 
combination  is  considered  more  as  an  addition  of  cement  to  a  h'me 
mortar  in  onler  to  render  it  hvdraulic. 

92.  Effect  of  Re-gauging  or  Re-mixing  Mortar.  Spt^cifications 
and  textbooks  have  rept*atedly  copied  from  one  another  a  re(|iiir(»ment 
that  all  mortar  which  is  not  used  immediately  after  IxMug  mixed  and 
Wfore  it  has  taken  an  initial  set  must  be  rejected  and  thrown  away. 
This  specification  is  evidently  based  on  the  idea  that  after  the  initial 
set  has  l)een  disturbed  and  destroyed,  the  cement  no  longer  has  the 
power  of  hardening,  or  at  least  that  such  power  is  very  materially  and 
seriously  reduced.  Repeated  experiments,  however,  have  shown 
that  under  some  conditions  the  ultimate  strength  of  the  mortar 
(or  concrete)  is  actually  increased,  and  that  it  is  not  seriously  injured 
even  when  the  mortar  is  re-gauged  several  hours  after  Ix'ing  originally 
mLxe<l  with  water. 

Such  a  specification  against  re-mixing  is  never  applied  to  lime 
paste,  since  it  is  well  known  that  a  lime  paste  is  considerably  im- 
proved by  l)eing  left  for  several  days  (or  even  months)  Ix^fore  Inking 
used.  This  is  evidently  due  to  the  fact  that  even  during  such  a 
period  the  carbonic  acid  of  the  atmosphere  cannot  ix^ietrate  appreci- 
ably into  the  mass  of  the  paste,  while  the  greater  length  of  time 
merely  insures  a  more  perfect  slaking  of  the  lime.  The  presence  of 
free,  unslaked  lime  in  either  lime  or  cement  mortar  is  always  injurious, 
because  it  generally  results  in  expansion  and  disniption  and  possibly 
in  injurious  chemical  reaction. 

Tests  with  Portland  cement  have  shown  that  if  it  is  re-mixed 
two  hours  after  being  combined  with  water,  its  strength,  both  ten- 
sile and  compressive,  is  greater  after  six  months'  hardening,  although 
it  will  be  less  after  seven  days'  hardening,  than  in  similar  specimens 
which  are  moulded  immediately  after  mixing.  It  is  also  found  that 
the  re-mixing  makes  the  cement  much  slower  in  its  setting.    The 
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adhesion,  moreover,  is  nMlucecl  l)y  rcMnixin^,  which  is  an  important 
consideration  in  tlie  use*  of  w^inforctHl  concrc*te. 

'Hie  effects  of  tests  with  natural  cement  arc  somewhat  contra- 
dictory, aru)  this  is  jx^rhaps  the  rc^ason  for  the  original  writing  of  such 
a  sp(^cifieation.  The  result  of  an  elaborate  series  of  tests  made  by 
Mr.  Thomas  F.  Richardson  showed  that  quick-setting  cements 
which  had  Iwen  n»-mixed  showed  a  considerable  falling  off  in  strength 
in  sjx'cimens  broken  after  7  days  and  2K  days  of  hardening,  yet  the 
ultimate  strc»ngth  after  six  months  of  hardening  was  invariably 
incrt^ased.  It  is  also  found  that  for  both  Portland  and  natural 
elements  there  is  a  verv  considerable  increase  in  the  strc*n«:th  of  the 
mortar  when  it  is  worked  continuously  for  two  hours  bt^fore  mould- 
ing  or  placing  in  the  masonry.  Such  an  incrt»ase  is  probably  due 
to  'the  more  pt^rfect  mixing  of  the  constituents  of  the  mortar. 

The  conclusion  of  the  whole  matter  apjx^ars  to  Ix*,  that  when  it 
is  desirable  that  considerable  strength  shall  Ix?  attained  within  a  few 
(hiys  or  weeks  (as  is  generally  the  case,  and  especially  so  with  rein- 
forced-concrete  work),  the  siXTification  against  re-niLxing  should  be 
rigidly  enforced.  For  the  comparatively  few  cases  where  a  slow 
ac(iuirement  of  the  ultimate  strength  is  permissible,  re-mixing  might 
lx»  tolerated,  although  tluTc  is  still  the  question  whether  the  ex- 
pt^cted  gain  in  ultimate  strength  would  ynxy  for  the  extra  work.  It 
would  Ih»  seldom,  if  ever,  that  this  claimed  property  of  cement 
mortar  could  be  relied  on  to  save  a  batch  of  mortar  which  would 
otherwise  be  reic^cted  because  it  had  lx»en  allowed  to  stand  after 
Ixing  mixed  until  it  had  taken  an  initial  set. 

93.  Proportions  of  Materials  for  Mortar.  (1)  Lime  Mortar. 
As  previously  stated  in  section  SS,  a  barrel  of  unslake<l  lime  should  be 
mixed  with  alniut  S\  cubic  f(»et  of  water.  This  will  make  alx>ut  0 
cubic  feet  of  lime  paste.  Mixing  this  with  a  cubic  yard  of  sand  will 
make  al)out  1  cubic  yard  of  1 :3  lime  mortar.  This  means  approxi- 
matelv  1  volume  of  unslaked  lime  to  S  volumes  of  sand. 

(2)  Cement  Mortars.  Tlu»  volume  of  cement  depends  very 
largely  on  whether  it  is  loosely  dropped  in  a  pile,  shaken  together, 
or  packed.  The  practical  commercial  methods  of  obtaining  a  mix- 
ture of  definite  pn)p<)rtions  will  be  given  later  under  "Concrete,*' 
siM'tion  94.  Natural  cement  mortars  are  usuallv  mixed  in  the  1:2 
ratio,  although  a  1 : 1  mixture  would    probably  be  used  for  tunnel 
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work  or  bridge  abutments  where  natural  cement  would  be  used  at  all. 
Portland  cement  will  Ix*  used  to  make  1 : 3  mortar  for  ordinary  work, 
and  1 :  2  mortar  for  very  high-grade  work.  As  previously  stated,  a 
small  percentage  of  lime  is  sometimes  substituted  for  an  equal  volume 
of  cement  in  order  to  make  the  mortar  work  better. 

CONCRETE 

Concrete  is  composed  of  a  mixture  of  cement,  sand,  and  crushed 
stone  or  gravel,  which,  after  being  mixed  with  water,  soon  sets  and 
obtains  a  hardness  and  strength  equal  to  that  of  a  good  building 
stone.  These  properties,  together  with  its  adaptability  to  mono- 
lithic construction,  combined  with  its  cheapness,  render  concrete 
very  useful  as  a  buikling  material. 

94.  General  Principles  of  Proportioning  Concrete.  Theoretic- 
ally the  proportioning  of  the  sand  and  cementing  material  should  \ye 
done  by  weight.  It  is  always  done  in  this  way  in  laboratory  testing. 
The  volume  of  a  given  weight  of  cement  is  quite  variable  according 
as  it  is  packed  or  loosely  thrown  in  a  pile.  The  same  statement  is 
true  of  sand.  Since  a  barrel  of  Portland  cement  will  increase  in 
volume  from  10  to  40  per  cent  by  being  merely  dumped  loosely  in  a 
pile  and  then  shoveled  into  a  measuring  box,  a  contractor  will  fre- 
(juently  attempt  to  take  advantage  of  this  expansion  by  measuring 
the  cement  loose  rather  than  by  using  the  proportions  as  indicated 
by  the  original  volume  in  the  packed  barrels.  To  a  less  extent  the 
same  uncertainty  exists  regarding  the  condition  of  the  sand.  Loose, 
dry  sand  occupies  a  considerably  larger  volume  than  wet  sand,  and 
this  is  still  more  the  case  when  the  sand  is  very  fine. 

The  general  principle  to  be  adopted  is  that  the  amount  of  water 
should  be  just  suflficient  to  supply  that  needed  for  crystallization  of  the 
cement  paste;  that  the  amount  of  paste  should  be  just  suflBcient  to 
fill  the  voids  between  the  particles  of  sand;  that  the  mortar  thus 
produced  should  be  just  suflBcient  to  fill  the  voids  between  the  broken 
stones.  If  this  ideal  could  be  realized,  the  total  volume  of  the  mixed 
concrete  would  be  no  greater  than  that  of  the  broken  stone.  But  no 
matter  how  thoroughly  and  carefully  the  ingredients  are  mixed  and 
rammed,  the  particles  of  cement  will  get  between  the  grains  of  sand 
and  thus  cause  the  volume  of  the  mortar  to  be  greater  than  that  of  the 
sand;  the  grains  of  sand  will  get  between  the  smaller  stones  and 
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separate  them;  and  the  smaller  stones  will  get  between  the  larger 
stones  and  si^parate  them.    Experiments  by  Prof.  I.  O.  Baker  have 
shown  that,  even  when  the  volume  of  the  mortar  was  only  70  per  cent 
of  the  volume  of  the  voids  in  the  broken  stone,  the  volume  of  the 
rammed  eonerete  was  5  per  ei'nt  more  than  that  of  the  broken  stone. 
When  the  theon^tieal  amount  of  mortar  was  added,  the  volume  was 
7.5  [XT  ei'Ut  in  exeess,  which  shows  that  it  is  practically  impofisible 
to  ram  such  concn'te  and  wholly  prevent  voids.    When  mortar 
amounting  to  140  per  cent  of  the  voids  was  used,  aill  voids  were 
apjxmnitly  filled,  Init  the  volume  of  the  concrete  was  114  per  cent  of 
that  of  the  broken  stone.    Therefore,  on  account  of  the  impractici^ 
bility  of  siTuring  perfect  mixuig,  the  amount  of  water  used  is  always 
somewhat  in  excess  (which  will  do  no  harm);  the  cement  paiste  is 
generally  made  somewhat  in  excess  of  that  required  to  fill  the  pai^ 
tides  in  the  siiiul  (except  in  those  cases  where,  for  eoDnomy«  lilt 
mortar  is  pur|K)sely  made  very  lean);  and  the  amount  of  mortar  u 
u>ually  considerably  in  exa^ss  of  that  rec]uired  to  fill  the  voids  in  tlie 
stone.    I'lven  when  we  allow  some  excess  in  the  above  particulaiSt 
then*  IS  so  nrj  jii  variation  in  the  percentage  of  voids  in  the  sand  aad 
l)roken  stone,  that  ihr  In-st  work  not  only  requires  an  experimental 
determination  of  the  voids  in  the  sand  and  stone  which  are  being 
used;  but,  on  account  of  the  liability  to  variation  in  those  peroentageSn 
vvvn  in  materials  fn)m  the  same  source  of  supply,  the  best  woric  re- 
el uires  a  constant  testing  and  revision  of  the  proportions  as  the  vmk 
pn)ceeds.     For  less  careful  work,  the  pro{)ortions  ordinarily  adc^ted 
in  practice  are  considereil  sufficiently  accurate. 

On  the  general  principle  that  the  voids  in  ordinary  broken  stone 
an'  somewhat  less  than  half  of  the  volume,  it  is  a  verj'  common  pnc- 
tice  to  use  one-half  as  much  sand  as  the  volume  of  the  broken  stone. 
The  proportion  of  cement  is  then  varied  according  to  the  strength 
recpiired  in  the  structure,  and  according  to  the  desire  to  economise. 
On  this  principle  we  have  the  familiar  ratios  1:2:4,  1:2^:5| 
1 : 3:  G,  and  1 : 4:  S.  It  should  Ix)  noted  that  in  each  of  these  cases, 
in  which  the  n'uml>ers  give  the  relative  projwrtions  of  the  cement, 
sand,  and  stone  resiH*ctively,  the  ratio  of  the  sand  to  the  broken  stone 
is  a  constant,  and  the  ratio  (^f  tlie  c(»ment  is  alone  variable,  for  it 
would  Ih'  just  as  correct  to  express  the  ratios  as  follows:  1:2:4; 
0.8:2:4;    0.07:2:4;   0.5:2:4. 
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95.  Compressive  Strength.  The  compressive  strength  of  con- 
crete is  very  important,  as  it  is  used  more  often  in  compression  than 
in  any  other  way.  It  is  rather  difficult  to  give  average  values  of 
the  compressive  strength  of  concrete,  as  it  is  dependent  on  so  many 
factors.  The  available  aggregates  are  so  varied,  and  the  methods 
of  mixing  and  manipulation  so  difTerent,  that  tests  must  be  studied 
before  any  conclusions  can  be  drawn.  For  extensive  work,  tests 
should  be  made  with  the  materials  available  to  determine  the 
strength  of  concrete,  under  conditions  as  nearly  as  possible  like  those 
in  the  actual  structure. 

A  series  of  experiments  made  at  the  Watertown  Arsenal  for 
Mr.  George  A.  Kimball,  Chief  Engineer  of  the  Boston  Elevated 
Railway  Company,  in  1899,  was  one  of  the  best  sets  of  tests  that  have 
been  published,  and  the  results  are  given  in  Table  III.  Portland 
cement,  coarse,  sharp  sand,  and  stone  up  to  2J  inches  were  used ;  and 
when  thoroughly  rammed,  the  water  barely  flushed  to  the  surface. 

TABLE  III 
Compressive  Strength  of  Concrete'*' 

Tests  Made  at  Watertown  Arsenal.  1899 


MiXTURP. 


1:2:4   i 


1:3:6 


Brand  of  Cement 


Saylor 

Atlas 

Alpha 

(jormania 

Alseii 

Average 

Say  lor 

Atlas 

Alpha 

Germania 

Alsen 

Average 


Strength  (Pounds  per  Square  Inch) 


7  Days       1  Month     3  Months    6  Months 


I     1,724 

1,387 

904 

2,219 

1,592 


2,238 
2,428 
2,420 
2,G42 
2,269 


2,702 

2,966 
3,123 
3,082 
2,608 


1,565    '     2,399    j     2,896 


3,510 
3,953 
4,411 
3,643 
3,612 

3,826 


1,625 

2,568 

1,050 

1,816 

892 

2,150 

1,550 

2,174 

1,438 

2,114 

1,311 


2,882 
1,538 
2,355 
2,486 
2,349 


3,567 
3,170 
2,750 
2,930 
3,026 


3,088 


♦From  "Tests  of  Metals,"  1899. 

The  values  obtained  in  these  tests  are  exceedingly  high,  and  cannot  be 
safely  counted  on  in  practice. 
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Tests  made  by  Prof.  A.  N.  Talbot  (University  of  Illinois,  Bul- 
letin No.  14)  on  6-inch  cubes  of  concrete,  show  the  average  values 
given  in  Table  IV.    The  cubes  were  about  60  days  old  when  tested. 

TABLE  IV 


[^Compressive  Tests  of  Concrete 

Univereity^of  Illinois 

No.  or  Te8t» 

- 

MiXTi:i<E 

Strength 

(Pounds  per  Square 
Inch) 

3 
0 
7 

1:2:4 

l:3:5i 

1:3:G 

1 

2,350 
1,920 
1,300 

With  fair  conditions  as  to  the  character  of  the  materials  and 
workmanship,  a  mixture*  of  1:2:4  concrete  should  show  a  com- 
pressive strength  of  2,000  to  2,300  pounds  per  square  inch  in  40  to 
60  days;  a  mixture  of  1 :  2i :  5  concrete,  a  strength  of  1,800  to  2,000 
pounds  per  square  inch;  and  a  mixture  of  1:3:0  concrete,  a  strength 
of  1,500  to  1,800  jx)unds  per  square  inch.  The  rate  of  hardening 
depends  upon  the  consistency  and  the  temperature. 

96.  Tensile  Strength.  The  tensile  strength  of  concrete  is  usually 
considered  about  one-tenth  of  the  compressive  strength;  that  is, 
concrete  which  has  a  compressive  value  of  2,0(X)  pounds  per  square 
inch  should  have  a  tensile  strength  of  about  200  pounds  per  square 
inch.  Although  there  is  no  fixed  relation  between  the  two  values, 
the  general  law  of  increase  in  strength  due  to  increasing  the  per- 
centage of  cement  and  the  density,  seems  to  hold  in  both  cases. 

97.  Shearing  Strength.  The  shearing  strength  of  concrete  is 
important  on  account  of  its  intimate  relation  to  the  compressive 
strength  and  the  shearing  stresses  to  which  it  is  subjected  in  struc- 
tures reinforced  with  steel.  But  few  tests  have  been  made,  as  thev 
are  rather  difficult  to  make;  but  the  tests  made  show  that  the  shear- 
ing strength  of  concrete  is  nearly  one-half  the  crushing  strength. 
By  shearing  is  meant  the  strength  of  the  material  against  a  sliding 
failure  when  tested  as  a  rivet  would  be  tested  for  shear. 

OS.  Modulus  of  Elasticity.  The  principal  use  of  the  modulus 
of  elasticity  in  designing  reinforced  concrete  is  in  determining  the 
ri4ativ(»  stresses  carried  bv  the  concrete  and  the  steel.  The  minimum 
value  us<.»d  in  designing  reinforced  concrete  is  usually  taken  as  2,000,- 
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000,  and  the  maximum  value  as  3,000,000,  depending  on  the  richness 
of  the  mixture  used.  A  value  of  2,500,000  is  generally  taken  for 
ordinary  concrete. 

99.  Weight  of  Concrete.  The  weight  of  stone  or  gravel  con- 
crete will  vary  from  145  pounds  per  cubic  foot  to  155  pounds  per  cubic 
foot,  depending  upon  the  specific  gravity  of  the  materials  and  the 
degree  of  compactness.  The  weight  of  a  cubic  foot  of  concrete  is 
usually  considered  as  150  pounds. 

100.  Cinder  Concrete.  Cinder  concrete  has  been  used  to  some 
extent  on  account  of  its  light  weight.  The  strength  of  cinder  con- 
crete is  from  one-half  to  two-thirds  the  strength  of  stone  concrete. 
It  will  weigh  about  110  pounds  per  cubic  foot. 

101.  Rubble  Concrete.  Rubble  concrete  is  a  concrete  in  which 
large  stones  are  placed,  and  will  be  discussed  in  Part  II. 

102.  Cost  of  Concrete.  The  cost  of  concrete  depends  upon  the 
character  of  the  work  to  be  done,  and  the  conditions  under  which  it 
is  necessary  to  do  this  work.  The  cost  of  the  material,  of  course, 
will  always  have  to  be  considered,  but  this  is  not  so  important  as  the 
character  of  the  work.  The  cost  of  concrete  in  place  will  range  from 
$4.50  per  cubic  yard  to  $20,  or  even  $25,  per  cubic  yard.  When  it  is 
laid  in  large  masses,  so  that  the  cost  of  forms  is  relatively  small,  the 
cost  will  range  from  $4.50  per  cubic  yard  to  $0  or  $7  per  cubic  yard, 
depending  on  the  local  conditions  and  cost  of  materials.  Founda- 
tions and  heavy  walls  are  good  examples  of  this  class  of  work.  For 
sewers  and  arches,  the  cost  will  vary  from  $7  to  $13.  In  building 
constniction — floors,  roofs,  and  thin  walls — the  cost  will  range  from 
$14  to  $20  per  cubic  yard. 

103.  Cost  of  Cement.  The  cost  of  Portland  Cement  varies 
with  the  demand.  Being  heavy,  the  freight  is  often  a  big  item.  The 
price  varies  from  $1  to  $2  per  barrel.  To  this  must  be  added  the 
cost  of  handling. 

104.  Cost  of  Sand.  The  cost  of  sand,  including  handling  and 
freight,,  ranges  from  $0.75  to  $1.50  per  cubic  yard.  A  common 
price  for  sand  delivered  in  the  cities  is  $1 .00  per  cubic  yard. 

105.  Cost  of  Broken  Stone  or  Gravel.  The  cost  of  broken 
stone  delivered  in  the  cities  varies  from  $1.25  to  $1.75  per  cubic 
yard.     The  cost  of  gravel  is  usually  a  little  less  than  stone. 

106.  Cost  of  Mixing.    Under  ordinary  conditions  and  where 
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the  concrete  will  have  to  be  wheeled  only  a  very  short  distance, 
the  cost  of  hand-mixing  and  placing  will  generally  range  from 
$0.90  to  $1 .30  per  cubic  yard,  if  done  by  men  skilled  in  this  work. 
If  a  mixer  is  used,  the  cost  will  range  from  $0.50  to  $0.90  jx*r  cubic 
yard. 

107.  Cost  of  Forms.  The  cost  of  forms  for  heavv  walls  and 
foundations,  varies  fn)ni  SO. 70  to  $1 .20  per  cubic  yanl  of  concrete 
laid.  The  cost  of  forms  and  mixing  concrete  will  be  further  dis- 
cussed in  Part  IV. 

108.  Practical  Methods  of  Proportioning.  A  rich  mixture, 
proportions  1:2:4 — that  is,  1  barrel  (4  bags)  packed  Portland 
cement  (as  it  comes  from  the  manufacturer),  2  barrels  (7 .0  cubic  fc*et) 
loose  sand,  and  4  barrels  (15.2  cubic  feet)  loose  stone — is  used  in 
arches,  reinforced-concrete  floors,  l)eams,  and  columns  for  heavy 
lojids;  engine  and  machine  foundations  subject  to  vibration;  tanks; 
and  for  water-tight  work. 

A  medium  mixtun\  pwportions  1  :  2i  :  5 — that  is,  1  barrel 
(4  bags)  packeil  Portland  cement,  2\  barrels  (9.5  cubic  feet)  loose 
sand,  and  5  baru^ls  (19  cubic  feet)  loose  gravel  or  stone — may  be 
used  in  arches,  thin  walls,  floors,  l)eams,  sewers,  sidewalks,  founda- 
tions, and  machine  foundations. 

An  ordinary  mixture,  projXDrtions  1:3: 6 — that*  is,  1  barrel 
(4  bags)  packed  Portland  cement,  '^  barR^ls  (11.4  cubic  feet)  loose 
sand,  and  0  barrels  (22. S  eubie  feet)  loose  gravel  or  broken  stone* — 
may  be  used  for  retaining  walls,  abutments,  piers,  floor  slabs,  and 
Iwams. 

A  lean  mixture,  pro])()rti()ns  1:4:  S — that  is,  1  barn4  (4  Iwigs) 
packed  Porthind  eenieiit,  4  barrels  (10.2  cubic  (cvt)  l(K)se  siind,  and 
S  barrels  (30.1  eiibie  feet)  loose  <;ravel  or  broken  sUmv — mav  U*  u.sed 
in  large  foundations  supporting  stationary  loads,  backing  for  stone 
masonry,  or  where  it  is  subject  to  a  ])lain  compressive  load. 

These  proportions  nuist  not  be  taken  as  always  IxMng  the  most 
economical  to  use,  but  tlii\v  represent  average  practice.  Cement 
is  the  most  ex|X'nsive  ingredient;  therefore  a  re<luction  of  the  quan- 
tity of  cement,  by  adjusting  the  proportions  of  the  aggregate  so  as 
to  pHMluce  a  concrete  with  the  same  density,  strength,  and  imper- 
meability, is  of  great  importance.  Hy  careful  projK)rtioning  and 
workmanship,  water-tight  concrete  has  l)een   made  of  a   1:3:6 
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niLxture.  In  floor  construction  where  the  span  is  very  short  and  it 
is  specified  that  the  slab  must  lie  at  least  4  inches  thick,  while  wilh 
a  hi^h-grade  concrete  a  3-inch  slab  would  carry  the  load,  it  is  cer- 
tainly more  economical  to  use  a  leaner  concrete. 

An  accurate  and  simple  method  to  determine  the  proportions 
of  concrete  is  by  trial  batches.  The  apparatus  consists  of  a  scale 
and  a  cylinder  which  may  he  a  piece  of  wrought  iron  pipe  10  inches 
to  12  inches  in  diameter  capped  at  one  end.  Measure  and  weigh 
the  cement,  sand,  stone,  and  water  and  mix  on  a  piece  of  sheet  steel, 
the  mixture  having  a  consistency  the  same  as  to  Ix^  used  in  the  work. 
The  mixture  is  placed  in  the  cylinder,  carefully  tamped,  and  the 
height  to  which  the  pipe  is  filled  is  notc^l.  The  pijx*  should  be 
weighed  liefore  and  after  being  filled  vso  as  to  check  the  weight  of 
the  material.  The  cylinder  is  then  emptied  and  cleaned.  Mix 
up  another  batch  using  the  same  amount  of  cement  and  water, 
slightly  varying  the  ratio  of  the  sand  and  stone  but  having  the  same 
total  weight  as  before.  Note  the  height  in  the  cylinder,  which 
will  be  a  guide  to  other  batches  to  be  tried.  Several  trials  are  made 
until  a  mixture  is  found  that  gives  the  least  height  in  the  cylinder, 
and  at  the  same  time  works  well  while  mixing,  all  the  stones  Ixnng 
covered  with  mortar,  and  which  makes  a  gcKul  appearance.  This 
method  gives  very  good  results,  but  it  does  not  indicate  the  changes 
in  the  physical  sizes  of  the  sand  and  stone  so  as  to  secure  the  most 
economical  composition  as  would  be  shown  in  a  thorough  mechan- 
ical analysis. 

There  has  been  much  concrete  work  done  where  the  pr()jx)r- 
tions  were  selected  without  any  reference  to  voids,  which  has  given 
much  better  results  in  practice  than  might  l)e  expected.  The  pro- 
portion of  cement  to  the  aggregate  depends  upon  the  nature  of  the 
constniction  and  the  required  degree  of  strength,  or  water-tightness, 
as  well  as  upon  the  character  of  the  inert  materials.  Both  strength 
and  imperviousness  increase  with  the  proportion  of  cement  to  the 
aggregate.  Richer  mixtures  are  necessarv*  for  loaded  columns, 
beams  in  building  construction  and  arches,  for  thin  walls  subject 
to  water  pressure,  and  for  foundations  laid  under  water.  The 
actual  measurements  of  materials  as  actually  mixed  and  used  usually 
show  leaner  mixtures  than  the  nominal  proportions  specified.  This 
IS  largely  due  to  the  heaping  of  the  measuring  boxes. 
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TABLE  V 
Proportions  of  Cement,  Sand,  and  Stone  in  Actual  Structures 


Stbucttke 


C.  B.  &  Q.  R.  R.  ! 

Reinforced  Concrete  Culverts; 

Phila.  Rapid  Transit  Co. 
Floor  Elevated  Roadway 

»"^^*y  {Ks::::::::::: 

C.  p.  R.  R. 

Arch  Rings 

Piers  and  Abutments 


Pbopobtions 


1:3:6 


Refebence 


Hudson  River  Tunnel  Caisson 

Stand  Pipe  at  Attleboro,  Mass. 
Height,  10()  feet. 

C.C.4fe  St.L.R.R., Danville  Arch 

Footings 

Arch  Rings 


1:3:6 

1:2.5:5 

1:3:6 


Engr.  Cont.,  Oct.  3,  '06 
Sept  26,  '06 


u 


(t 


1:3:5 
1:4:7 

1:2:4 

1:2:4 

l:4:8orl:9.5 


Abutments,  Piers 

N.  Y.  C.  &  H.  R.  R.  R. 
t  Footing.. 


1:2:4 


Ossining  J  vvoii      'i!-5  !/• 

Tiifitmi       »  »  aiis 1 1 :  t)  I  o 

lunnel      {^^,^,1,,^ 1.2:4 

American  Oak  Leather  Co. 
Factory  at  Cinchinati,  Olii<». 

Harvard  University  Stadium.. 

New  York  Subway 

Roofs  and  Sidewalks 

Tunnel  Arches 

Wet  Foundation  2'  th.  or  less 
"  '*  exceeding  2' 

Boston  Subway 


1:3:6  or  1:6.5 
1:4:7.5 


P  &  R.  R.  R. 

Arches 

Piers  and  Abutments 


1:2:4 
1:3:6 


1:2:4 
1:2.5:5 
1:2:4 
1 :  Aii.o  :  o 

1:2.5:4 


1:2:4 
1:3:6 


Cement  Era,  Aug.  '06 
Eng.  Record,  Sept.  29,  '06 

29,  '06 


it 


II 


<( 


ti 


March  3,  '06 


II 


i< 


(I 


3, '06 


II 


It 


II 


8, '08 


ii 


II 


Oct.  13,  '06 


Brooklyn  Navy  Yd.  Laboratorv 

Columns ".  1:2  i^Trap rock  Kng.  News,  March  23,  '06 

Beams  and  Slabs 1:3:5   "        " 

Roof  Slab 1:3:5  Cinder 


Southern  Railway 

Arches 1:2:4 

Piers  and  Abutments !l:2.5  :5 


MY.).     Methods  of  Mixing  Concrete.    The  nietlKxl  of  mixing 
coiuTetc  is  iniinatcriiil,  if  a  liomogcneous  iiia^s  is  secured  of  a  uniform 
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consistency,  containing  the  cement,  sand,  and  stone  in  the  correct 
proportions.  The  value  of  the  concrete  depends  greatly  upon  the 
thoroughness  of  the  mixing.  The  color  of  the  mass  must  be  uni- 
form, every  grain  of  sand  aijd  piece  of  the  stone  should  have  cement 
adhering  to  every  point  of  its  surface. 

TABLE  VI 

Barrels  of  Portland  Cement  Per  Cubic  Yard  of  Mortar 

(V'oiiKs  in  Sand  Being  35  per  cent  and  1  Bbl.  Cement  Yielding  3.G5  Cubic 

Feet  of  Cement  Paste.) 


Proportion  of  Cement  to  Sand 


Bi>l.  specified  to  be  3.5  eu.  ft 

U  it  ((  Q   Q  (( 

U  t(  (t  4   .|  (t 


Cu.  yds.  sand  pereu.  yd.  mortar. 


1:1 

1:1.5 

1:2 

1:3.5 

.1:3 

Bbls. 

Bbls. 

Bbls. 

Bbls. 

Bbls. 

4.22 

8.49 

2.97 

2.67 

2.28 

4.09 

8.33 

2.81 

2.45 

2.16 

4.00 

8.24 

2.73 

2.36 

2.08 

3.81 

3.07 

2.57 

2.27 

2.00 

0.6 

0.7 

0.8 

0.9 

1.0 

1:4 


Bbls. 
1.76 
1.62 
1.64 
140 

1.0 


TABLE  VII 

Barrels  of  Portland  Cement  Per  Cubic  Yard  of  Mortar 

(Voids  ill  Sand  Being  45  per  cent  and  1  Bbl.  Cement  Yielding  3.4  Cubic 

Feet  of  Cement  P*.ste.) 


Propoktdn  op  Ckment  to  R.\NI) 


BI>1.  si)eeified  to  be  3.5  cu.  ft. 

i.  *i  ii      3  j^      t.   ^ 

i<  it  "40      " 

i«  ((  (i      ^^^      (( 


Ju.  yds.  sand  per  eu.  yds.  mortar. 


1:1 

1:1.5 

1:3 

1:2.5 

1:3 

Bbls. 

Bbls. 

Bbls. 

Bbls. 

Bbls. 

4.62 

8.80 

3.25 

2.84 

2.3,5 

4.32 

3.61 

3.10 

2.72 

2.16 

4.19 

3.46 

3.00- 

2.64 

2.05 

3.94 

3.34 

2.90 

2.57 

1.86 

0.6 

0.8 

0.9 

1.0 

1.0 

1:1 


Bbls. 
1.76 
1.62 
1.54 
1.40 

1.0 


TABLE  VIII 

Ingredients  in  I  Cubic  Yard  of  Concrete 

Band  Voids,  40  per  cent;  8tone  Voids,  45  per  cent;  Portland  ( 'ement  Barrel 
Yielding  3.05  cu.  ft.  Paste.    Barrel  specified  to  be  3.S  cu.  ft.) 


PKOPOHTIONS  by  VOLUMl 


Bbjs.  cement  per.  cu.  yd.  concrete. 
Cu.  yds.  sand         "  " 

stone        *•  ** 


ti 


Proportions  by  volum 


Bbls.  cement  per  cu.  yd.  oom  rete 
Cu.  yds.  sand 
stone 


i( 


tl 


1:?:4 


1.46 
0.41 
0.82 


1:3:5 


1.13 
0.48 
O.SO 


1 .  o  .  s 


1.30 
0.36 
0.90 

1:3:6 

1.05 
0.44 

o.ss 


1:2:6  |I:2.5:.5  1:2.5:0'  1:3:4 


1.18 
0.33 
1.00 


1:3:7 


0.96 
0.40 
0.93 


1.00 

0.35 

0.84 

l:4:7|l^4  :Sil:4:^ 


1.13 
0.40 
O.SO 


1.25 
0.53 
0.71 


0.82 
0.46 
O.SO 


0.77 
0.43 
O.SO 


0.73 
0.41 
0.92 


.  This  table  is  to  be  used  wheu  cemeut  is  measured  packed  in  the  bar- 
.^I,  for  the  ordinary  barrel  holds  3.8  cu.  ft. 


65 


5r> 


iUSONRY  AND  REIXPORCED  CONCRETE 


TABLE  IX 
Ingredients  in  1  Cubic  Yard  of  Concrete 

(Saiul  VuiiU.  {0  pi*r  cent:  Stone  Void*?,  45  per  cent;  Portland  Cement 
Barrel  Viehlinj:  3.r).'>  en.  ft.  of  Paste.      Barrel  specified  to  be  4.1  cu.  ft.) 


l*llt»Pt>UHONS    BY     VOLIMK 

1:2:4 

_  . 

I  :  2:  5  I  :2:  6  1:2  5:5 

1 

il:2  5:6 

1 
1:3:4 

Bl)l."<.  cement  |H^r  cu.  yd.  concrete. 
Cu.  yds.  sanil          -                 *          . 
stone 

..    1.30 
. .    0.42 
.  .    0.81 

1  .16  ■  1.00  1.07 
0.38  ;  0.33  0.44 
0.95  :  1  .00    0.88 

0.96 
0.40 
0.95 

1.08 
0.53 
0.71 

Pro|>ortions  hy   volume 

. .  1  :3:5 

1  :3:61  :3:71  :4:7 

1  :4:8  1  :4:9 

Bbls.  cement  per  cu.  yd.  concrete. 
Cu.  yds.  sand 
stone 

.  .    0.96 

. .  0  47 ; 

. .   0.78  ; 

1           1 

0.90  1  0.82  0.75 
0.44:0.40  0.49 
0.88    0.93     0.86 

0.68 
0.44 
0.88 

0.64 
0.42 
0.95 

This  table  is  to  be  used  when  the  cement  is  measured  loose,  aft<»r 
dumping  it  into  a  box.  for  under  such  conditions  a  barrel  of  cement  yields 
4.4  t'U.  ft.  t>f  loi>se  cemcni. 

[Tables  Y  to  I-\  liavo  l)eeu  taken  from  (iilletie's  "Haudl>ook  of  Cost  Data."] 

111).  Wetness  of  Concrete.  In  n^pinl  to  plasticity,  or  facility 
of  working  and  moulding,  concrete  may  Ik*  dividetl  into  three  classics: 
r/r//,  medium,  and  rcrif  urf, 

Drjf  concrete  is  u.Ned  in  foundations  which  may  be  subjected  to 
s(»vcn»  compn'ssion  a  few  weeks  after  Inking  placed.  It  shotild  not  Ik? 
placrd  in  laytTs  of  more  than  S  inches,  and  should  Ik^  thoroughly 
rammed.  In  a  dry  mixturi'  the  water  will  just  flush  to  the  surface 
only  when  it  is  tlumnighly  tampiMl.  A  dry  mixture  sets  and  will 
support  a  load  nnieh  sooikt  than  if  a  wetter  mixture  is  used,  and 
generally  is  used  only  where  the  load  is  to  he  applied  soon  after  the 
concrete  is  placed.  This  mixtun*  refjuin\s  the  exercist*  of  more  than 
onlinary  care  in  rannning,  as  |XK'kets  are  apt  to  Ik*  formed  in  the 
concri'te;  and  one  argument  against  it  is  the  difficulty  of  getting  a 
uniform  product. 

Medium  concR^te  will  <|uake  when  rammcMl,  and  has  the  con- 
sistency of  liver  or  jelly.  It  is  adapted  for  construction  work  suited 
to  the  employment  of  ma.ss  concrete,  such  as  retaining  walls,  piers, 
foundations,  arches,  abutments;  and  is  sometimes  also  employed 
for  reinforcecl  coneret(». 

A  rerif  iref  mixture  of  eoiierete  will  run  off  a  shovel  tmless  it  is 
handled   vcrv  ciuicklv.     An  ordinarv  rammer  will  sink  into  it  of 
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its  own  weight.     It  is  suitable  for  reinforced  concrete,  such  as  thin 
walls,  floors,  columns,  tanks,  and  conduits. 

Within  the  last  few  years  there  has  been  a  marked  change  in 
the  amount  of  water  used  in  mixing  concrete.  The  dry  mixture  has 
been  superseded  by  a  medium  or  verj'  wet  mixture,  often  so  wet  ab 
to  recjuire  no  ramming  whatever.  Experiments  have  shown  that  dry 
mixtures  give  better  results  in  short  time  tests  and  wet  mixtures  in  long 
time  t€sts.  In  some  experiments  made  on  dry,  medium,  and  wet 
mixtures  it  was  found  that  the  medium  mixture  was  the  most  dense, 
wet  next,  and  dry  least.  This  experimenter  concluded  that  the  medium 
mixture  is  the  most  desirable,  sin^^e  it  will  not  (|uake  in  handling, 
but  will  quake  under  heavy  ramming.  He  found  medium  1  per  cent 
denser  than  wet  and  9  per  cent  denser  thim  dry  concrete;  he  con- 
siders thorough  ramming  important. 

Concrete  is  often  used  so  wet  that  it  will  not  only  quake  but  flow 
freely,  and  after  setting  it  appears  to  be  verj-  dense  and  hard,  but 
some  engineers  think  that  the  tendency  is  to  usi»  far  too  much  rather 
than  too  little  water,  but  that  thorough  ramming  is  desirable.  In 
thin  walls  very  wet  concrete  can  lx»  more  easily  pushed  from  the 
surface  so  that  the  mortiir  can  get  against  the  forms  and  give  a  smooth 
surfac^e.  It  has  also  Ixien  found  essential  that  the  concrete  should 
\yQ  wet  enough  so  as  to  flow  under  and  around  the  steel  reinforcement 
so  as  to  secure  a  good  bond  l)etwet:n  the  steel  and  concrete. 

Following  are  the  specifications  (1903)  of  the  American  Rail- 
way Engineering  and  Maintenance  of  Way  Association : 

**The  concrete  shall  be  of  such  consistency  that  when  dumped 
in  place  it  will  not  require*  tamping;  it  shall  Ix^  spaded  down  an<l 
tamped  sufficiently  to  level  off  and  will  then  (|uak(»  freely  like  jelly, 
and  he  wet  enough  on  top  to  recjuire  the  use  of  rublxr  boots  by 
workman.*' 

111.  Transporting  and  Depositing  Concrete.  Concrete  is 
usually  deposited  in  layers  of  0  inches  to  12  inches  in  thickness.  In 
handling  an<l  transi)orting  c^oncTCte,  care  must  be  taken  to  prevent  the 
separation  of  the  stone  fn)m  the  mortar.  The  usual  method  of  trans- 
poning  concrete  is  by  wheel-biirn)ws,  although  it  is  often  handled  by 
cars  and  carts,  and  on  small  jobs  it  is  sometimes  carricn^l  in  buckets. 
A  very  common  practice  is  to  dump  it  from  a  height  of  several  feet 
"nto  a  trench.     Many  engineers  object  to  this  ])rocess  as  they  claim 
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that  tlic  heavy  aiKl  liglit  portions  separate  while  falling  and  the  con- 
crete is  therefore  not  uiiifonn  -through  its  mass,  and  they  insbt  that 
it  must  be  gently  slid  into  place.  A  wet  mixture  is  much  ea^er  to 
handle  than  a  drj'  mLxture,  as  the  stone  will  not  so 
readily  separate  from  the  mass.  A  very  wet  mixture 
has  been  <lepo5itcd  from  the  top  of  forms  43  feet 
high  and  the  structure  was  found  to  be  waterproof. 
On  the  other  hand,  the  stones  m  a  diy  mixture  will 
separate  from  the  mortar  on  the  slightest  provoca- 
tion. Where  it  is  necessary  to  drop  a  dry  mixture 
several  feet,  it  should  be  done  by  means  of  a  chute 
or  pipe. 

112,     Ramming   Concrete.     Immediately   after 

eoiuTete  is  placed,  it  should  Iw  ram;ned  or  puddled, 

care  Iwing  taken  to  force  out  the  air-bubbles.     The 

amount  of  ramming  necessary'  depends  upon  how 

'"(siiiw iTniihi's"'     much  water  is  used  in  mixing  the  concrete.     If  a 

verj'  wet  mixture  isusci),  there  is  danger  of  too  much 

ramming,  which  n-sults  in  wedging  the  stones  together  and  forcing 

tlic  cement  and  sand  to  the  surface.    The  chief  ohjei't  in  ramming 

a  very  wet  mixture  is  simply  to  expel  the  bubbles  of  air. 

The  style  of  rammer  ordinarily  uscxi  ilcpends 
on  whether  a  dry,  medium,  or  very  wet  mixture  is 
usi'd.  A  rammer  for  dry  concrete  is  sliown  hi 
Fig.  8;  and  one  for  wet  concrete,  in  Fig.  !).  In 
very  thin  wails,  where  a  wet  mixture  is  used,  often 
the  tamping  or  puddling  is  done  with  a  part  of 
a  reinforcing  bar.  A  common  spade  is  often  em- 
ployed for  the  face  of  work,  being  used  to  push 
back  stones  tliat  may  have  si'paratetl  from  the 
mass,  and  also  to  work  the  finer  portions  of  the 
mass  to  the  face,  the  method  being  to  work  the 
spade  up  and  down  the  faw  until  it  is  tlionmghly 
fille<l.  Van'  must  \}c  taken  not  to  piy  with  the 
spade,  as  this  will  spring  the  fonns  unless  they 
are  very  strong. 

li:{.     Bonding;  Old  arid  New  Concrete. 


Fl|-.  ».     Rammer  t 


To, 


water-tight 


joint  l>ctwcenulilan(iiK'Wcori<'rete,rei|iiircsiigreut  deal  of  care.  AMiere 
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the  strain  is  chiefly  compressive,  as  in  foundations,  the  surface  of  the 
concrete  laid  on  the  previous  day  should  be  washed  with  clean  water, 
no  other  precautions  being  necessary.  In  walls  and  floors,  or  where 
a  tensile  stress  is  apt  to  be  applied,  the  joint  should  be  thoroughly 
washed  and  soaked,  and  then  painted  with  neat  cement  or  a  mixture 
of  one  part  cement  and  one  part  sand,  made  into  a  very  thin  mortar. 

In  the  construction  of  tanks  or  any  other  work  that  is  to  be 
water-tight,  in  which  the  concrete  is  not  placed  in  one  continuous 
operation,  one  or  more  scjuare  or  V-shaped  joints  are  necessary. 
These  joints  are  formed  by  a  piece  of  timber,  say  4  inches  by  6  inches, 
being  imbedded  in  the  surface  of  the  last  concrete  laid  each  day. 
On  the  following  morning,  when  the  timber  is  removed,  the  joint  is 
washed  and  coated  with  neat  cement  or  1 : 1  mortar.  The  joints  may 
be  either  horizontal  or  vertical.  The  bond  between  old  and  new  con- 
crete may  be  aided  by  roughening  the  surface  after  ramming  or  be- 
fore placing  the  new  concrete. 

114.  Effects  of  Freezing  of  Concrete.  Many  ex|K»rimcnts 
have  bei»n  made  to  determine  the  effect  of  freezing  of  cx)n(Tete  In'fnrt* 
it  has  a  chance  to  set.  From  these  and  from  practical  experience,  it 
is  now  gene  rally  accepted  that  the  ultimate  effect  of  freezing  of  Port- 
land cement  ctmcrete  is  to  produce  only  a  surface  injury.  The  setting 
and  hardening  of  Portland  cement  concrete  is  retarded,  and  the 
strength  at  short  periods  is  lowered,  by  freezing;  but  the  ultimate 
strength  appears  to  be  only  slightly,  if  at  all,  affected.  A  thin  scale 
about  i^(^  inch  in  depth  is  apt  to  scale  off  from  granolithic  or  concrete 
pavements  which  have  been  frozen,  leaving  a  rough  instead  of  a 
troweled  wearing  surface;  and  the  effect  upon  concrete  walls  is  often 
similar;  but  there  appears  to  be  no  other  injur}\  Concrete  should 
not  be  laid  in  freezing  weather,  if  it  can  l>e  avoided,  as  this  involves 
additional  expense  and  requires  greater  precautions  to  be  taken; 
but  with  proper  care,  Portland  cement  concrete  can  be  laid  at  almost 

any  temperature. 

There  are  three  methods  which  may  lx»  used  to  prevent  injury 
to  concrete  when  laid  in  fn»ezing  weather: 

First:  Heat  the  sand  ami  stono,  or  use  hot  water  in  inixinj^  the  coii- 
creto. 

SccotitL  A<l(l  salt,  cahMUin  chh^ritle,  or  other  rhcniieals  to  h>wer  the 
freezing  point  of  the  water. 
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Third:     Protect  the  gri»en  concrete  by  enclosing  it  and  keeping  the 
temperature  of  the  enclosure  above  the  freezing  point. 

The  first  methcxl  is  perhaps  more  generally  used  than  either  of 
the  others.  In  heating  the  aggregate,  the  frost  is  driven  from  it; 
hot  water  alone  is  insufficient  to  get  the  frost  out  of  the  frozen  lumps 
of  sand.  If  the  heated  aggregate  is  mixed  with  water  which  is  hot 
hut  not  lx)iling,  expt»rience  has  shown  that  a  comparatively  high 
temperature  can  Ix?  maintained  for  several  hours,  which  wall  usually 
cam'  it  through  the  initial  set  safely.  The  heating  of  the  materials 
also  hastens  the  sc»tting  of  the  cement.  If  the  fresh  concrete  is 
covered  with  canvas  or  other  material,  it  will  assist  in  maintaining 
a  higher  temperature,  llie  canvas,  however,  must  not  be  laid 
directly  on  the  concrete,  hut  an  air  space  of  several  inches  must  be 
left  iKjtween  the  concrete  and  the  canvas. 

The  aggregate  is  heated  by  means  of  steam  pipes  laid  in  the 
bottom  of  the  bins,  or  by  having  pipes  of  strong  sheet  iron,  about 
18  inches  in  diameter,  laid  through  the  bottom  of  the  bins,  and  fires 
built  in  the  piix»s.  The  water  may  Ix*  heated  by  steam  jets  or  other 
means.  It  is  also  well  to  keep  the  mixer  warm  in  severe  weather,  by 
the  use  of  a  steam  coil  on  the  outside,  and  jets  of  steam  on  the 
inside. 

The  second  nictlicMl— ^lowering  the  freezing  jx>int  by  adding 
sidt — has  lxM?n  commonly  used  to  lower  the  freezing  point  of  water. 
Salt  will  incR^ase  the  time  of  stilting  and  lower  the  strength  of  the 
concrete  for  short  periods.  There  is  a  wide  difference  of  opinion  as 
to  the  amount  of  salt  that  may  Ix?  used  without  lowering  the  ultimate 
strength  of  the  concrete.  Sjx?cifica lions  for  the  New  York  Subway 
work  required  nine  pounds  of  salt  to  each  1(K)  ix)unds  (12  gallons)  of 
water  in  freezing  weather.  A  common  rule  calls  for  10  per  cent  of 
salt  to  the  weight  of  water,  which  is  ecjuivalent  to  abou^  13  pounds 
of  salt  to  a  barrel  of  cement. 

The  third  method  is  the  most  expensive,  and  is  used  only  in 
building  construction.  It  consists  in  constructing  a  light  wooden 
frame*  over  the  site  of  the  work,  and  covering  the  frame  with  canvas 
or  other  material.  The  tem|x^rature  of  the  enclosure  is  maintained 
alx)V(»  the  freezing  point  by  means  of  stoves. 
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115.  Water-tightness  of  Concrete.  Water-tight  concn^te,  or 
concrete  made  water-tight  by  some  kind  of  waterproof  coating,  is 
frequently  required,  either  for  inclosing  a  space  which  must  be  kept 
dr}%  or  for  storing  water  or  other  liquids.  Concrete,  even  when 
most  carefully  prepared  from  materials  of  the  highest  grade,  is  never 
of  itself  completely  waterproof. 

It  is  generally  considered  that  in  monolithic  construction,  a  wet 
mixture,  a  rich  concrete,  and  an  aggregate  proportioned  for  great 
density,  are  essential  for  water-tightness.  With  the  wet  mixtures  of 
concrete  now  generally  used  in  engineering  work,  concrete  possesses 
far  greater  density,  and  is  correspondingly  less  porous,  than  with  the 
older,  dryer  mixtures.  At  the  same  time,  in  the  large  masses  of  actual 
work,  it  is  difficult  to  produce  concrete  of  such  close  texture  as  to 
prevent  undesirable  seepage  at  all  points.  Many  efforts  have  been 
made  to  secure  water-tightness  of  concrete  in  a  practical  manner — 
some  with  success,  but  others  with  unsatisfactory  results.  There 
are  now  a  great  many  special  preparations  being  advertised  for 
making  concrete  water-tight. 

It  has  frequently  been  observed  that  when  concrete  was  green, 
there  was  a  considerable  seepage  through  it,  and  that  in  a  short  time 
absolutely  all  seepage  stopped.  Some  experiments  have  been  made 
to  render  porous  concrete  impermeable,  by  forcing  water  through  a 
rich  concrete  under  pressure.  In  these  experiments,  a  mixture  of 
1  part  Portland  cement  to  4  parts  crushed  gravel  was  used.  The 
concrete  tested  was  6  inches  thick.  The  flow  through  the  concrete 
on  the  first  day  of  the  experiment,  under  a  pressure  of  3(')  pounds 
per  square  inch,  was  taken  as  100  per  cent.  On  the  forty-sixth  day, 
under  a  pressure  of  48  pounds  per  square  inch,  the  flow  amounted 
to  only  0.7  per  cent. 

While  the  pressure  was  constant,  the  rate  of  seepage  of  the  water 
decreased  with  the  lapse  of  time,  showing  a  markcxl  tendency  of  the 
seepage  passages  to  become  closed.  The  experimenter  is  of  the  opin- 
ion that  the  water,  under  pressure,  dissolves  some  of  the  material 
and  t'  en  deposits  it  in  stalactitic  form  near  the  exterior  surfjice  of  the 
concrete,  where  the  water  escapes  under  much  reduced  pressure. 
Others,  however,  think  it  quite  possible  that  fine  material  carriwl 
in  suspension  by  the  water  aids  in  producing  the  result. 

For  cistern  work,  two  coats  of  Portland  cement  grout — 1  part 
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cement,  1  part  sand — applied  on  the  inside,  have  been  found  sufficient. 
About  one  inch  of  rich  mortar  has  usually  been  found  effective  under 
high  pressure.  A  coating  of  asphalt,  or  of  asphalt  with  tarred  or 
asbestos  felt,  laid  in  alternate  layers  between  layers  of  concrete,  has 
been  used  successfully.  Coal-tar  pitch  and  tarred  felt,  laid  in  alter- 
nate layers,  have  been  used  extensively  and  successfully  in  New  York 
City  for  waterproofing. 

Mortar  may  be  made  practically  non-absorbent  by  the  addition 
of  alum  and  potiish  soap.  One  per  cent  by  weight  of  powdered  alum 
is  added  to  the  drj*  cement  and  sand,  and  thoroughly  mixed;  and 
about  one  per  cent  of  any  potash  soap  (ordinary  soft  soap)  is  dissolved 
in  the  water  useil  in  the  mortar.  A  solution  consisting  of  1  pound  of 
concentratetl  lye,  5  poun<is  of  alum,  and  2  gallons  of  water,  applied 
while  the  concrete  is  gi*een  and  until  it  lathers  freely,  has  been  suc- 
cessfully used.  Coating  the  surface  with  boiled  linseed  oil  until 
the  oil  ceases  to  be  absorbed,  is  another  method  that  has  been  used 
with  success. 

A  rcinforcc*d  concrete  water-tank,  10  feet  inside  diameter  and 
43  feet  high,  <lesigiuMl  and  constructc»d  by  W.  B.  Fuller  at  I^ittle  Falls, 
N.  J.,  has  some  ri'inarkabh^  featurt»s.  It  is  15  inches  thick  at  the 
lx)ttoni  and  10  ineht's  thick  at  the  top.  The  tank  was  built  in  eight 
hours,  and  is  a  jXTfect  monolith,  all  concrete  being  dropped  from 
the  top,  or  4.*^  feet  at  the  iH'ginning  of  the  work.  The  concrete  was 
mixed  very  wet,  tlie  mixtim*  being  I  part  wment,  3  parts  sand,  and 
7  parts  broken  stone.  No  plastering  or  waterproofing  of  any  kind 
was  used,  but  the  tank  was  found  to  l)e  absolutely  water-tight 
although  the  mixture  ust»d  has  not  generally  been  found  or  considered 
water-tight. 

At  Attleboro,  Mass.,  a  large  reinforced  concrete  stat  Ipipe,  50 
feet  in  diameter,  100  feet  high  from  the  inside  of  tlie  bottom  to  the 
top  of  the  cornice,  and  witli  a  capacity  of  1,500,000  gallons,  has  been 
constructed,  and  is  in  the  service  of  the  water  works  of  that  city. 
The  walls  of  the  standpipe  are  18  inches  thick  at  the  bottom,  and  8 
inches  thick  at  the  top.  A  mix  tun.*  of  1  part  cement,  2  parts  sand, 
and  4  parts  broken  stone,  the  stone  varj^ing  from  J  inch  to  1 J  inches, 
was  used.  The  forms  were  constructed,  and  the  concrete  placed,  in 
sections  of  7  feet.  When  the  walls  of  the  tank  had  been  completed, 
there  was  some  leakage  at  the  bottom  with  a  head  of  water  of  100 
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feet.  The  inside  walls  were  then  thoroughly  cleaned  and  picked; 
and  four  coats  of  plaster  applied.  The  first  coat  contained  2  per 
cent  of  lime  to  1  part  of  cement  and  1  part  of  sand;  the  remaining 
liree  coats  were  composed  of  1  part  sand  to  1  part  cement.  Each 
coat  was  floated  until  a  hard,  dense  surface  was  produced;  then  it 
was  scratched  to  receive  the  succeeding  coat. 

On  filling  the  standpipe  after  the  four  coats  of  plaster  had  been 
applied,  the  standpipe  was  found  to  be  not  absolutely  water-tight. 
The  water  was  drawn  out;  and  four  coats  of  a  solution  of  castile  soap, 
and  one  of  alum,  were  applied  alternately;  and,  under  a  100-foot  head, 
only  a  few  leaks  then  appeared.  Practically  no  leakage  occurred 
at  the  joints;  but  in  several  instances  a  mixture  somewhat  wetter 
than  usual  was  used,  with  the  result  that  the  spading  and  ramming 
served  to  drive  the  stone  to  the  bottom  of  the  batch  being  placed, 
and,  as  a  consequence,  in  these  places  porous  spots  occurred.  The 
joints  were  obtiiined  by  inserting  beveled  tonguing  pieces,  and  by 
thoroughly  washing  the  joint  and  covering  it  with  a  layer  of  thin 
grout  before  placing  additional  concrete. 

In  the  construction  of  the  filter  plant  at  Lancaster,  Pa.,  in  1905, 
a  pure-water  basin  and  several  circular  tanks  were  constructed  of 
reinforced  concrete.  The  pure-water  basin  is  100  feet  wide  by  200 
feet  long  and  14  feet  deep,  with  buttresses  spaced  12  feet  G  inches 
center  to  center.  The  walls  at  the  bottom  are  15  inches  thick,  and 
12  inches  thick  at  the  top.  Four  circular  tanks  are  50  feet  in  diameter 
and  10  feet  high,  and  eight  tanks  are  10  feet  in  diameter  and  10 
feet  high.  The  walls  are  10  inches  thick  at  the  bottom,  and 
6  inches  at  the  top.  A  wet  mixture  of  1  part  cement,  3  parts  sand, 
rnd  5  parts  stone,  was  used.  No  waterproofing  material  was  used, 
in  the  construction  of  the  tanks;  and  when  tested,  two  of  them  were 
found  to  Ix*  water-tight,  and  the  other  two  had  a  few  leaks  where 
wires  which  had  lxx;n  used  to  hold  the  forms  together  had  pulled  out 
when  the  forms  were  taken  down.  These  holes  were  stopped  up  and 
no  furthur  trouble  was  experienced.  In  constnicting  the  floor  of 
the  pure-water  basin,  a  thin  layer  of  asphalt  was  used,  as  shown  in 
Fig.  10;  but  no  waterproofing  material  was  used  in  the  walls,  and 
l)oth  were  found  to  l^e  water-t'ght. 

110.  Sylvester  Process.  The  alteniate  application  of  washes 
of  castile  soap  and  alum,  each  lx*ing  dissolved  in  water,  is  known  as 
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the  Sylvester  process  of  waterproofing.  Castile  soap  is  dissolve<l  in 
water,  J  of  a  jk)uiu1  of  soap  in  a  gallon  of  water,  and  applied  lx)iling 
hot  to  the  eonerete  siirfaee  with  a  flat  bnish,  care  being  taken  not  to 
form  a  froth.  The  alum  dissolved  in  water — 1  pound  pure  alum  in  S 
gallons  of  water —  is  applic^l  24  hours  later,  the  soap  having  had  time 

to  lK.Kt)me  dr\'  and  hard.  The 
s^^'cond  wash  is  appHed  in  the 
same  manner  as  the  first,  at  a 
temperature  of  00°  to  70°  F.  The 
alternate  coats  of  soap  and  alum 
are  repeated  even.'  24  hours. 
Usually  four  coats  will  m^ke  an 
imperv-ious  coating.  The  soap 
and  alum  combine  and  form  an 
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Fig.  10.    Floor  of  Pure-Wat^r  Baslfn. 


insoluble  compound,  filling  the  pows  of  the  concrete  and  pre* vent- 
ing the  st^epage  of  water.  The  walls  should  l^e  clean  and  drj-,  and 
the  tem[xjraturt»  of  the  air  not  lower  than  50°  F.,  when  the  composi- 
tion is  applied.  The  comjx)sition  should  l)e  applie<l  while  the  con- 
crete is  still  gRH*n.  This  method  of  waterproofing  has  l^een  used 
extensively  for  years,  and  has  generally  given  satisfactory  results  for 
mcnlera te  pressi i  res. 

117.  Asphalt  Waterproofing.  If  a.sphalt  is  to  l)e  applied  to  a 
concrete  surface,  the  concrete  should  he  dry;  and  it  will  )h"  found 
generally  mon*  satisfactory  to  coat  the  dry  surface  first  with  asphalt 
cut  with  naphtha.  T'nless  the  concrete  is  heated,  it  is  generally  very 
hanl  to  make  the  asphalt  adluTc  to  the  concrete.  Hot  asplialt 
a])plie<l  to  ordinary  concrete  surfaces  will  generally  roll  up  like  a 
blanket  when  it  cools.  The  concrete  should  b(?  heated  by  hot  sand, 
or  the  asphalt  .should  be  cut  with  naphtha.  When  the  coat  con- 
t^iining  the  naphtha  has  been  applied — like  a  coat  of  paint — and  is 
dry,  then  the  asphalt  mastic  is  applied.  The  asphalt  mastic  is  com- 
posed of  1  part  asphalt  to  4  parts  of  .sand.  This  is  smoothed  off  with 
hot  inms,  and  thoroughly  tamped  into  place.  If  stone  ()r  earth  is 
to  Ik*  ])laced  next  to  the  as{)haltic  surface,  it  is  l>est  to  cover  the  sur- 
face with  roofing  gravel  to  protect  the  asphalt. 

Asphalt  paint  has  In^en  u.sed  for  a  protective  coat  for  all  kinds  of 
masonry  where  earth  is  to  l)e  phieed  against  it. 

A^eoat  of  asphalt    ]   inch   thick  applied   with  mops  to  a  grout 
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siirfucf ,  lias  Imi-ii  used  satisfactorily  for  cciatiii^  tlir  iiit(>ri<irs  of  liiiiks, 
for  hcatU  prater  than  19  fwt,  by  Mr.  J.  \V,  Schaiih  ("Traii.siK'litiii.s" 
of  ihc  American  Society  of  Civil  Engineers,  Vol.  LI).  Mr.  S<Iunil> 
stales  that  he  believes  the  j-inch  coat,  in  addition  to  the  grout,  is 
suffident  for  a  water  pressure  of  GO  fwt. 

118.  Fdt  Laid  with  Asphalt.  In  waterpn>ofing  floors,  roofs, 
subn-ays,  tunnels,  etc.,  alternate  layers  of  paper  or  felt  are  laid  with 
asphalt,  bitumen,  or  tar.  These  materials  range  from  ordinarj'  tar 
paper  laid  with  coal-tar  pitch,  to  asbestos  or  asphalt  felt  laid  in 
asphalt.  Coal-tar  products  deteriorate  when  exposed  to  nioi.sture. 
Some  asphalts  arc  more  suitable  than  others  for  wa(er|>roofinp;  pur- 
posf.s;  therefore  the  properties  of  any  asphalt  intended  for  water- 
pmofin^  should  l)e  thoroughly  investigated. 

In  using  these  materiab  for  rendering  concrete  water-tight, 
usually  n  layer  of  concrete  or  brick  is  first  laid.  On  this  is  mopjK-d 
a  layer  of  hot  asphalt;  felt  or  paper  is  then  laid  on  the  asphalt,  the 
latter  being  lappi-d  from  R  to  12  inches.  After  ihe  first  layer  nf  felt 
is  placed,  it  is  mopped  over  with  hot  asphalt  compound,  and  another 
layer  of  felt  or  paper  is  laid,  the 
operation  being  repeated  until 
the  desire*!  thickness  is  secured, 
which  is  usually  from  2  to  10 
layers — or,  in  other  words,  the 
waterproofing  varies  from  2-pl;/ 
to    iO-ply.      A    waterproofing  ..fn!,,-.. 

course  of  this  kind,  or  a  course    '°  -  -  ^ ';   -' ^ 

as  <iescribed  in   the  paragni)>h     1  "t-  -^--i-rl  . 

on  a.splialt  waterproofing,  forms  ^    MMhmii)fwa 

aiiistinct  joint, and  the  strength 
in  bending  of  the  concrete  on  the  two  sides  of  i 
consi<Icrpd  independently. 

When  asphalt,  or  asphalt  laid  with  felt  paper,  is  used  for  water- 
proofing the  interiors  of  the  walls  of  tanks,  a  ^ineh  course  of  brick  is 
re<|uired  to  protect  and  hold  in  place  the  waterproofing  materials. 
Fig.  11  shows  a  wall  section  of  a  reser\'oir  {Engtnrrring  lirmrd.  ."^'pt. 
21,  1007)  constnicted  for  the  New  York,  New  Haven  &  IIiirlf<inl 
Railroad,  which  illustrates  the  mednxls  deserilx-d  almve.  The 
waterproofing  materials  for  this  n-si-rvoir  consi.st  of  1-ply  "nyiln'.\" 
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fph,  and  "HyilR'x"  compouml  was  iis«l  to  wmcnt  tin-  layers  tDfjetlicr. 
Fig.  12  is  an  illiistralion  of  the  inelhotl  used  by  the  Barrett 
Miinufacturiiig  Company  iii  applying  their  5-ply  coal-tar  pitch  and 
fell  roofing  material,  and  it  shows  in  ii  general  way  the  melho«l  of 
laying  aspliall  ant!  fell  for  waterproofing  purposes.  The  company's 
instructions  for  appljnng  this  roofing  are  as  follows: 

"First  cont  Ihe  concrete  \A)  with  hot  pitch  (B)  mopped  on  tiniformly. 
Over  the  aliove  coating  of  pilch,  lay  two  thick-nesaes  of  tarrf^il  fi-ll  (O, 
hipping  each  Rhe^t  Bevenle<in  (17) 
inches  over  the  preceding  one.  and 
mopping  back  with  pitch  (!>)  the 
Tiill  u'iUth  of  each  tap. 

"Over  the  (eJt  ihiiB  laid,  aprenil  a 
uniform  eonlin)!  of  pilch  |fc')mop|n'd 
on.  Then  lay  three  (li)  fidl  thick- 
nesses of  tarred  feJt  [F).\%{iping 
each  slicet  Iwcnty-Iwo  (22)  indies 
over  the  preceding  one. 

"When  ihc  felt  is  thus  laid,  mup 
l>a(-k  with  pitch  (G)  Ihc  full  width 
of  twenty-two  (22)  inches  nnder 
each  lap.  Then  spread  over  the  en- 
tire surface  of  the  roof  n  uniform 
coatinR  of  pitch,  into  which,  while- 
hot,  imbed  nlag  or  gravel  (//V" 

In  applying  asphalt  and  fell 
for  general  waterproofing  pur- 
poses, the  felt,as  already  stale<l, 
would  Ite  in  a  continuous  roll, 
antt  not  in  sheets  as  shown  for 
roofing  purposes. 
1 1  !>.  Medusa  Waterproof 
Compound.  Among  the  many  patented  waterproofing  materiiils 
nn  the  market  is  the  "Medusa."  This  rompoiind  is  claimed  to 
prevent  efflorescence,  as  well  as  to  make  concrete  water|iroof.  In 
using  it,  the  fiillowHng  directions,  given  by  the  manufacturing  com- 
pany, an-  to  Ix'  observed: 

"To  render  cement  work  impervious  to  water,  a  small  quantity  of  the 
compound  is  thorought}/  mixed  witli  the  dry  ccmeni,  liefore  the  addition  of 
Mtiid  and  water.  For  most  purposes,  from  I  to  2  per  cent  of  the  weight  of 
cement  uned  will  lie  found  nufTieicnt.  This  is  cquivslent  to  from  four  to 
eiehl  poundfi  of  the  eoinpouml  to  one  barrel  of  cement.  The  precisv  amount 
to  he  used  must  be  left  to  the  experience  of  the  user,  and  depends  upon  the 
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proportion  of  sand,  etc.,  omployo<l,  and  on  tho  kind  of  work  to  ho  done. 
Our  own  e.\|K'ricMire  has  becMi  that  the  use  of  1  por  cent — 4  pounds  to  the 
barrel,  or  1  pound  to  the  sack  of  cement — is  enough  to  make  hollow  concrete 
buihling  blocks  water-tight.  For  cistern  and  reservoir  linings  and  other 
work  which  must  be  absolutely  impervious,  a  somewhat  larger  amount 
should  be  used.     Thorough  mixing  is  of  the  utmost  importance." 

In  the  operation  of  waterproofing,  a  very  common  mistake  is 
made  in  appljing  the  waterproofing  materials  on  the  wrong  side  of 
the  wall  to  be  made  water-tight.  That  is,  if  water  finds  its  way 
through  a  cellar  wall,  it  is  generally  useless  to  apply  a  waterproofing 
coat  on  the  inside  surface  of  the  wall,  as  the  pressure  of  the  water 
will  push  it  oflF.  If,  however,  there  is  no  great  pressure  l)ehind  it, 
a  waterpnx^fing  coat  applied  on  the  inside  of  the  wall  is  usually  sne- 
cc^ssfiil  in  keeping  moisture  out  of  the  cellar.  To  lx»  successful  in 
waterproofing  a  cellar  wall,  the  waterproofing  material  shouhl  he 
a])plie<l  on  the  outside  surface  of  the  wall;  and  if  [)r()jKTly  applie<K 
the  wall,  as  well  as  the  cellar,  will  Ix*  entirely  frt^e  of  water. 

In  tank  or  resen'oir  construction,  the  conditions  are  different, 
in  that  it  is  desired  to  prevent  the  escape  of  water.  In  these  cases, 
therefore,  the  waterproofing  is  applied  on  the  inside  surface,  and  is 
supported  by  the  materials  used  in  constnicting  the  tank  or  reservoir. 
The  structure  should  always  l>e  designed  so  that  it  can  l)e  properly 
waterproofed,  and  no  asphaltic  waterproofing  should  be  laid  at  a 
temperature  lx*low  25°  F. 

The  al)Ove-descrilx*d  methods  of  waterproofing  are  applicable 
to  stone  and  brick  masonrv  as  well  as  to  concrete. 

BITUMEN 

120.  Varieties.  One  of  the  groups  of  mineral  sul)stances  com- 
posed of  diflFerent  hydro-carbons,  which  are  widely  scattennl  through- 
out the  world,  is  known  as  bitumen.  There  is  a  gn^at  variety  of 
forms  in  which  bitumen  is  found,  ranging  from  volatile  li(|uids  to 
thick  semi-fluids  and  solids.  These  are  usually  intermixed  witli 
different  kinds  of  inorganic  or  organic  matter,  but  are  sometimes 
found  in  a  free  or  pure  state.  Liquid  varieties  are  known  as  naphtha 
and  petroleum^  the  viscous  or  semi-fluid  as  maltha  or  mineral  tar; 
and  the  solid  as  asphalt  or  asphaltum. 

121.  Asphaltum.  The  most  noted  deposit  of  asphaltum  is 
found  in  the  island  of  Trinidad  and  at  Bennudez,  Venezuela.     De- 
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posits  of  nearly  pure  asphaltiim  are  found  in  Utah,  Mexico,  Cul>a, 
and  (lilFert^nt  parts  of  the  l'nite<l  States.  Varieties  of  nearly  pure 
asphalt  arc  known  as  wiirizillfr,  elaferife,  and  (jiljumiie. 

The  main  source*  of  supply  of  asphaltum  use<l  in  the  United 
States  for  street  paving,  has  l)een  the  Trinidad  deposit.  This  is  also 
the  main  sourct*  for  asphaltic  roofing  materials. 

122.  Asphalt.  The  bituminous  limestone  deposits  at  Seyssel 
and  Pyrimont,  France;  in  the  Val-de-Travers,  Canton  of  Xeuchatel, 
Switzerland;  and  at  Ragusa,  Sicily,  are  known  as  rock  asphalt.  It 
is  more  durable  than  asphaltum,  and  is  extensively  used  in  Euro|ie 
for  paving  purjx)ses. 

There  art*  two  forms  in  which  rock  asphalt  is  prepared  for  ship- 
ment: 

{a)  Cowpresficd  ai^phalt  hlorks,  which  arc  used  in  about  the  manner 
of  sto no  blocks. 

{h)  Mtistir  asphalt,  which  is  made  into  l)locks  of  different  sizes,  gener- 
ally Ix'arinK  the  manufacturer's  trade  mark. 

The  mastic  asphalt  is  used  for  waterproofing  and  damp-proofing 
purj)os(\s.  For  all  work  of  this  kind,  the  Vjil-de-Tnivers,  or  the 
Si\vsscl,  or  Sicilian  rock  asphalt  should  be  used. 

PRESFRVATION  OF  STEEL  IN  CONCRETE 

123.  Tests  have  l)c(^n  made  to  find  the  value  of  Portland  cement 
concrete  as  a  protection  of  .steel  or  iron  from  corn)sion.  Nearly  all 
of  these  tests  hfive  U-cn  of  short  duration  (fn)m  a  few  weeLs  to  sevenil 
mouths);  but  thev  have  clearlv  shown,  when  the  steel  or  iron  is 
projHM'Iy  imlKMldcd  in  concn^te,  that  on  IxMiig  rc»moved  therefrom  it 
is  clean  and  brit^ht.  Steel  removed  from  concrete  containing  cracks 
or  voids  usually  shows  rust  at  the  points  where  the  voids  or  cnicks 
occur;  but  if  the  steel  has  Ihkmi  compUiehj  covered  with  concrc*te, 
there  is  no  corrosion.  Tests  have  shown  that  if  corroded  steel  is 
imlHHlded  in  concrete,  the  concrete  will  remove  the  rust.  To  st^cure 
the  lH\st  results,  the  concrete  should  be  mix(Ml  (juite  wet,  and  care 
should  Ik*  taken  to  have  the  steel  thoroughly  imln^dded  in  the  con- 
crete. 

124.  Cinder  vs.  Stone  Concrete.  A  compact  cinder  concrete 
has  pn)vcn  about  as  efVcctivt*  a  prott^ction  for  ste(»l  as  stone  concn*te. 
The  corrosion  found  in  cinder  concn^tc  is  mainly  due  to  iron  oxide 
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or  rust  in  the  cinders,  and  not  to  the  sulphur.  The  amount  of  sul- 
phur in  cinders  is  extremely  small,  and  there  seems  to  l)e  little  danger 
from  that  source.  A  steel-frame  building  erected  in  New  York  in 
1S98  had  all  its  framework,  except  the  columns,  iml)edded  in  cinder 
concrete;  when  the  building  was  demolished  in  1903,  the  frame 
showed  practically  no  rust  which  could  be  considered  as  having 
developed  after  the  material  was  iml)edded. 

125.  Practical  Illustrations.  Cement  washes,  paints,  and 
plasters  have  been  used  for  a  long  time,  in  both  the  United  States  and 
Euroi)e,  for  the  purpose  of  protecting  in)n  and  steel  from  nist.  The 
e.igineers  of  the  Boston  Subway,  after  making  careful  tests  and 
investigations,  adopted  Portland  cement  paint  for  the  protection  of 
the  steel  work  in  that  structure.  The  railroad  companies  of  France 
use*  crment  paint  extensively  to  protect  their  metal  bridges  from 
corrosion.  Two  coats  of  the  cement  paint  and  sand  are  applied  with 
leather  brushes. 

A  concrete-steel  water  main  on  the  Monier  system,  12  inches  in 
diameter,  1/^  inches  thick,  containing  a  steel  framework  of  J-inch 
and  ,^^-inch  steel  rods,  was  taken  up  after  15  years*  use  in  wet  ground, 
at  Grenoble,  France.  The  adhesion  was  found  j^erfect,  and  the 
metal  absolutely  free  from  rust. 

William  Sooy  Smith,  M.  Am.  Soc.  C.  E.,  states  that  in  removing 
a  Ik*i1  of  concrete  at  a  lighthouse  in  the  Straits  of  INIaekinac,  twenty 
vears  after  it  was  laid,  and  ten  feet  Inflow  water  surface,  imbedded 
iron  drift-lx>lts  were  found  free  from  rust. 

A  very  good  exam|)le  of  the  preservation  of  steel  imbedded  in 
concrete  is  given  by  Mr.  H.  C.  Turner  (Em/inccriru/  Ncvs^  Jan.  10, 
190S).  Mr.  Turner's  company  has  recently  torn  down  a  one-story 
reinforced-concrete  building  erected  by  his  company  in  1902,  at  New 
Brighton,  Staten  Island.  The  building  had  a  ])ile  foundation,  the 
piles  l)eing  cut  oil  at  mean  tide  level.  The  footings,  side  walls, 
columns,  and  n)of  were  all  constructed  of  reinforced  concrete*.  The 
portion  removed  was  30  by  00  feet,  and  was  razeed  to  make  room  for 
a  five-story  building.     In  concluding  his  account,  Mr.  Turner  says: 

"All  stcol  reinforcement  wan  found  in  perfect  preservation,  excepting 
in  a  few  cases  where  the  hoops  were  allowed  to  come  closer  than  ]  inch  to  the 
surface.  Some  evidence  of  corrosion  was  foun<l  in  such  cases,  thus  demon- 
strating the  necessity  of  keeping  the  steel  reinforcement  at  h'ast  i  inch  from 
the  surface.    The  footnigs  were  covered  by  the  tide  twice  daily.   Th(?  concrete 
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was  extremely  hard,  and  showed  no  weakness  whatever  from  the  action  of 
the  salt  water.  The  steel  bars  in  the  footings  were  perfectly  preserved,  even 
in  cases  where  the  concrete  protection  was  only  J  inch  thick." 

126.  Tests  by  Professor  Norton.  Prof.  Chas.  L.  Norton  made 
several  experiments  with  concrete  bricks,  3  by  3  by  8-inch,  in  which 
steel  rods,  sheet  metal,  and  expanded  metal  were  imbedded.  The 
specimens  were  enclosed  in  tin  boxes  with  unprotected  steel,  and 
were  exposed  for  three  weeks.  One  portion  was  exposed  to  steam, 
air,  and  carbon  dioxide;  another  to  air  and  steam;  another  to  air  and 
carbon  dioxide;  and  another  was  left  in  the  testing  room.  In  these 
tests,  Portland  cement  was  used.  The  bricks  were  made  of  neat 
cement  of  1  part  cement  and  3  parts  sand;  of  1  part  cement  and  5 
parts  stone;  and  of  1  part  cement  and  7  parts  cinders.  After  the 
steel  had  been  iml>edded  in  these  blocks  three  weeks,  thev  were 
opened  and  the  steel  examined  and  compared  with  specimens  which 
had  been  unprotected  in  corresponding  boxes  in  the  optMi  air.  The 
unprotected  specimens  consisted  of  rather  more  rust  than  steel; 
the  specimens  imbedded  in  neat  cement  were  found  to  l)e  perfectly 
protected;  the  rest  of  the  specimens  showed  more  or  less  corrosion. 
Professor  Norton's  conclusions  were  as  follows: 

1.  Neat  Portland  cement  is  a  very  effective  prev'cntive  against  rusting. 

2.  Concrete,  to  be  effective  in  preventing  rust,  should  be  dense  and 
w^ithout  voids  or  cracks.     It  should  be  mixed  wet  when  applied  to  steel. 

3.  The  corrosion  found  in  cinder  concrete  is  mainly  due  to  iron  oxide 
in  the  cinders,  and  not  to  sulphur. 

4.  Cinder  concrete,  if  free  from  voids  and  well  rammed  when  wet,  is 
about  as  effective  as  stone  concrete. 

5.  It  is  very  important    that  the  steel  be  clean  when  imbedded  in 
concrete. 

FIRE  PROTECTION 

127.  The  various  tests  which  have  been  conducted — including 
the  involuntary  tests  made  as  the  result  of  fires — have  shown  that 
the  fire-resisting  cjualities  of  concrete,  and  even  resistance  to  a  com- 
bination of  fire  and  water,  are  greater  than  those  of  any  other  known 
type  of  building  construction.  Fires  and  exjx^riments  which  test 
buildings  of  reinforced  concrete  have  proved  that  where  the  tem- 
[x^rature  ranges  from  1,4(K)°  to  1,900°  F.,  the  surface  of  the  concrete 
may  be  injured  to  a  depth  of  I  t^>  I  hich  or  even  of  one  inch;  but 
the  })0(ly  of  the  concrete  is  not  alTeeted,  and  the  only  repairs  re- 
fjuired,  if  any,  consist  of  a  coat  of  j)laster. 
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128.  Theory.  The  theory  given  by  Mr.  Spencer  B.  Newberry 
is  that  the  fireproofing  qualities  of  Portland  cement  concrete  are  clue 
to  the  capacity  of  the  concrete  to  resist  fire  and  prevent  its  trans- 
ference to  steel  by  its  combined  water  and  porosity.  In  hardening,  con- 
crete takes  up  12  to  18  per  cent  of  the  water  contained  in  the  cement. 
This  water  is  chemically  combined,  and  not  given  off  at  the  boiling 
point.  On  heating,  a  part  of  the  water  is  given  off  at  500°  F.,  but 
dehydration  does  not  take  place  until'OOO®  F.  is  reached.  The  mass 
is  kept  for  a  long  time  at  comparatively  low  temperature  by  the 
vaporization  of  water  absorbing  heat.  A  steel  beam  imbedded  in 
concrete  is  thus  cooled  by  the  volatilization  of  water  in  the  sur- 
rounding  concrete. 

Resistance  to  the  passage  of  heat  is  offered  by  the  {)orosity  of 
concrete.  Air  is  a  j)oor  conductor,  and  an  air  space  is  an  efficient 
protection  against  conduction.  The  outside  of  the  concrete  may 
rc^ach  a  high  temp(*rature;  but  the  heat  only  slowly  and  imperfectly 
penetrates  the  mass,  and  rt^aches  the  steel  so  gradually  that  it  is 
carried  off  by  the  metal  as  fast  as  it  is  supplied. 

121).  Cinder  vs.  Stone  Concrete.  Mr.  Xewl>erry  says:  ^'Porous 
substances,  such  as  asbestos,  mineral  wool,  etc.,  are  always  used  as 
heat-insulating  material.  For  this  same  reason,  cinder  concrete, 
being  highly  porous,  is  a  much  better  non-conductor  than  a  dense 
concrete  made  of  sand  and  gravel  or  stone,  and  has  the  added  ad- 
vantage of  lx?ing  light." 

Professor  Norton,  in  comparing  the  actions  of  cinder  and  stone 
concrete  in  the  great  BaltimoR*  fire  of  February,  11)04,  states  that 
there  is  but  little  difference  in  the  two  concretes.  The  burning  of  bits 
of  coal  in  poor  cinder  concrete  is  often  balanced  by  the  splitting  of 
stones  in  the  stone  concrete.  **IIowever,  owing  to  its  density,  the 
stone  concrete  takes  longer  to  heat  through." 

1»J0.  Thickness  of  Concrete  Required  for  Fireproofing.  Actual 
fires  and  tests  have  shown  that  2  inches  of  concrete  will  protect  an 
I-beam  with  good  assurance  of  safety.  Small  rods  in  girders  are  more 
effectively  coated,  and  li  inches  of  concrete  is  usually  considered 
sufficient  protection,  although  some  city  building  laws  specify  2 
inches  of  concrete.  Beams  usually  have  the  same  thickness  of  con- 
crete for  fin*proofing  purposes  as  the  main  girders,  although  perha])s 
1  to  \\  inches  would  be  suflScient.     For  ordinary  slabs,  J  inch  is 
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ample  protection;  but  for  long-span  slabs  the  fireproofing  thick- 
ness* ^hould  \x  fn>m  J  inch  to  1\  inches.  Columns  should  have  at 
least  2  inches  of  concrete  outside  of  the  steel;  often  3  inches  is  speci- 
fied. 

131.  The  Baltimore  Fire.  Engineers  and  architects,  who  made 
n»jK>rts  <>n  the  Baltimore  fire  of  February',  1904,  generally  state  that 
nMnfon-eil  concnae  c^onstniction  stood  ver\'  well — much  better  than 
terra-ivtta.  Professor  Norton,  in  his  report  to  the  Insurance  Engi- 
neering Ex[x»riment  Station,  says: 

"WhiTo  coiicrt'ie  floor-arches  and  concrcte-steol  construction  received 
iht'  full  force  of  the  fire,  it  apjH^ars  to  have  stood  well,  distinctly  better  than 
the  iorra-et»tta.  The  n*ason<.  I  believe,  are  these:  First ^  because  the  con- 
cri»te  anil  sttn.*!  expand  at  s«»nsibly  the  same  rate,  and  hence,  when  heated, 
do  nt»t  subji^ct  each  oiht-r  to  stress:  but  terra-cot ta  usually  expands  about 
twice  as  fast  with  increa>e  in  tenif)erature  as  steel,  and  hence  the  partitions 
ami  thH»r-an*hes  soon  bei^onie  too  large  to  be  contained  by  the  steel  members 
which  under  ordinary  teni{>erature  pro|x.Tly  enclose  them." 

\:V2.  Fire  and  N\  ater  Tests.  Under  the  direction  of  Prof.  Francis 
C.  Van  l>vck.  a  test  was  niadt*  on  Decemljcr  2G,  1905,  on  stone  and 
cinder  ri'lnfoni-d  ei)ncri»te,  accDnling  to  the  standanl  fire  and  water 
tests  of  the  New  York  niiilding  Dejxirtment.  A  building  was  con- 
stnictiHl  1()  fivt  by  2.")  feet,  with  a  wall  through  the  middle.  The 
nK)f  oHisisted  of  the  twt)  fl(M)r>  to  In*  tested.  One  floor  was  a  rein- 
foretnl  cinder  concn'te  slab  and  stei»l  I-l>eam  construction;  and  the 
other  was  a  stone  onu-nMe  slab  and  In^am  eonstniction.  The  floors 
wen*  di\signcxl  for  a  safe  load  of  1.3()  pounds  jxt  s(|uare  foot,  with  a 
factor  of  siifetv  of  four. 

The  object  of  the  test  was  to  ascertain  the  n»sult  of  applying  to 
these  fl(K)rs.  first,  a  temiH^ratun^  of  alMUit  1J00°  F.  during  four  hours, 
a  loa<l  of  l.")0  lbs.  jht  .sijuan'  f:K»i  In'ing  upon  them;  and  sccaridf  a 
stn'ani  of  water  fi)retHl  u|K>n  them  while  still  at  alxnit  the  temperature 
alM)ve  stated.  A  column  was  plaaxl  in  the*  ehamlK*r  roofed  by  the 
rock  concrete,  and  it  was  teste<l  the  same  way. 

The  fuel  us(m1  was  seasoned  pine  wo(k1,  and  the  stoking  was 
lcK)ked  after  by  a  man  exjKTienee<l  in  a  pottery;  hence  a  very  even 
fin*  was  maintained,  except  at  first,  on  the  cinder  concrete  side,  when* 
the  blaz(*  In^jxan  in  one  Conner  and  spread  rather  slowly  for  some  time. 

The  water  wa>  su]>plie<l  from  a  pump  at  which  ^M)  lbs.  pn»ssun' 
was  maintained,  and  was  delivered  tlirou'^h  2(K)  feet  of  new  cotton 
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hose  and  a  1  J--inch  nozzle.  Each  side  was  drenched  with  water  while 
at  full  temjx*rature,  apparently;  and  the  water  was  thrown  as  uni- 
formly as  j)ossil)le  over  the  surface  to  Ix?  tested,  for  the  required 
time.  The  floors  were  then  flooded  on  top,  and  again  treated 
underneath. 

Inasmuch  as  the  flooi*s  and  the  column  were  the  only  parts  sub- 
mitted for  tests,  the  slight  cracking  and  pitting  of  the  walls  and 
partition  need  not  be  detailed. 

The  column  was  practically  intact,  except  that  a  few  small 
pieces  of  the  concrete  were  washed  out  where  struck  by  the  stream 
at  closi»  range.  The  metal,  however,  remained  completely  covered. 
On  the  rock  concrete  side,  the  beams  sliowed  naked  metal  up  to 
within  about  7  inches  of  the  ends  on  one  beam,  and  al>out  2  feet 
from  the  ends  on  the  other  lx»am.  The  reinforcing  bars  were  de- 
nuded over  an  area  of  about  30  s(|uare  feet  near  the  center;  but  no 
cracks  developed,  and  the  water  jx)ured  on  top  seemed  to  come 
down  only  through  the  pipe  set  in  for  the  pyrometer. 

On  the  cinder  concrete  side,  the  beams  lost  only  a  little  of  the 
edge^  of  the  covering,  not  showing  the  metal  at  all.  There  were  no 
cracks  on  this  side  either,  and  the  water  came  down  thniugli  the 
pjTometer  tube  as  on  the  other  side.  The  metal  in  the.slab  was  bared 
over  an  area  of  about  24  scjuare  feet  near  the  center. 

During  the  firing,  both  chamlx^rs  were  occasionally  examined, 
and  no  cracking  or  flaking-off  of  the  concrete  could  1h»  (letccted. 
Hence  the  water  did  all  the  damage  that  was  apparent  at  the 
end. 

During  the  test  the  fl(K)rs  supj)orted  the  load  they  were  designed 
to  carry;  and  on  the  following  day  the  loads  were  increased  to  (KX) 
pounds  per  square  foot. 

The  following  is  taken  from  Professor  Van  Dyck's  re|X)rt: 

"The  maximum  deflection  of  the  stone  concrete  before  the  application 
of  water,  was  2fJ  inches;  after  application  of  water,  .'^^'^  inches;  with  normal 
temperature  and  original  load,  'S^g  inches;  deflection  after  load  of  600  pounds 
was  added,  3}}  inches. 

"The  maximum  deflection  of  the  cinder  concrete  before  the  application 
of  water,  was  6,'^  inches;  after  application  of  water,  (}\  inches;  with  normal 
temperature  and  original  load,  5U  inches;  deflection  after  a  h)ad  of  (iOO 
pounds  was  added,  0  inches.  These  m(;asur(?ments  were  taken  at  the  center 
of  the  roof  of  each  chamber." 
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METHODS  OF  MIXING 

l'V>.  The  two  meiho<l.s  user]  in  mixiu^;  concrete  are  hv  hand 
and  hv  inachincrv.     Goo<l  c<jncretc  mav  Ix*  made  bv  either  method 

^'oncn.li:  niixe^l  hv  cither  method  should  lje  carefuUv  watched  bv 

•  •  • 

a  gfxxl  foreman.  If  a  lar^  rjuantity  of  concrete  is  rei|uired,  it  is 
chea[jr:r  to  mL\  it  by  machinen'.  On  small  jobs  where  the  cost  of 
erecting  the  plant,  together  with  the  interest  and  depreciation, 
ilivid<r<l  by  the  nunilxT  of  cubic  yanl^  to  \k'  made,  constitute  a  large 
item,  or  if  fre<juent  moving  is  reijuired,  it  is  verj*  often  cheaper  to  mL\ 
the  concrete  bv  hand.  The  relative  cost  of  the  two  methods  usuallv 
dejjr-nds  u|x>n  circumstances,  an<l  must  Ix*  worked  out  in  each  in- 
dividual case. 

b'54.  Hand  Mixing.  The  placing  and  handling  of  materials  and 
arranging  the  plant  are  varic<l  by  different  engineers  and  ctmtractors. 
In  general  the  mixing  of  concn»te  is  a  simple  ojxration,  but  should  be 
carefully  watched  by  an  ins[xclor.     He  should  see 

'1;  That  ihr  cxad  amount  of  .>toii(.'  ami  .«4aiul  are  iiieaburetl  out; 

•  -^  Thai  the  tM-mcnt  ami  saml  are  lliun>ughly  mixed; 

C'i)  That  ihi"  iiias.<  ir?  thoroughly  mixed: 

(\)  That  the  pnj|M.T  amount  of  water  i.s  used; 

(5;  That  care  is  taken  in  dumping  the  et)ncrete  in  place; 

(('))  That  it  is  thonMigiily  rammed. 

The  mixing  platform,  whicli  i>  usually  10  to  2()  fei*t  scjuare, 
is  made  of  1-inch  or  2-inch  plank  planed  on  one  side  and  well  nailed 
to  stringers,  and  should  l)e  placed  as  near  the  work  as  jx)ssible,  but 
so  situate<l  that  the  stone  can  Ik*  diunped  on  one  side  of  it  and  the 
«ind  on  the  opposite  side.  A  very  convenient  way  to  measure  the 
stone  and  sand  is  bv  the  means  of  Ix^ttomlcss  boxes.  These  boxes 
a  Hi  of  such  a  size  that  they  hold  the  proper  proportions  of  stone 
or  sand  to  mix  a  batch  of  a  certain  amount.  Cement  is  usually 
mejisured  by  the  package,  that  is  by  the  barrel  or  bag,  as  they  con- 
tain a  definite  amount  of  cement. 

The  methcxl  usvaI  for  mixing  tlie  concrete  has  little  effect  upon 
the  str(»ngtli  of  the  concrete,  if  the  mass  has  been]^tumed  a  sufficient 
numlKT  of  times  to  thoroughly  mix  them.  One  of  the  following 
meth(Kls  is  generally  used.      (.Taylor  and  Thompson's  Concrete.) 

(a)     Cement   ami  sand   mixed  dry  and    shoveled   on  the  stone  or 
jrravel.  levele<l  oil*,  and  wet  an  the  mass  is  turned. 
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(b)  Cement  and  sand  mixed  dry,  the  stone  measured  and  dumped 
on  top  of  it,  leveled  off,  and  wet,  as  turned  with  shovels. 

(c)  Cement  and  sand  mixed  into  a  mortar,  the  stone  placed  on  top 
of  it  and  the  mass  turned. 

(d)  Cement  and  sand  mixed  with  water  into  a  mortar  which  is 
shoveled  on  tlie  gravel  or  stone  and  the  mass  turned  with  shovels. 

(e)  Stone  or  gravel,  sand,  and  cement  spread  in  successive  layers, 
luixed  slightly  and  shoveled  into  a  mound,  water  |>oured  into  the  center, 
and  the  mass  turned  with  shovels. 

The  quantity  of  water  is  n^gulated  by  the  appearanee  of  the 
concrete.  The  best  method  of  wetting  the  concrete  is  by  measur- 
ing the  water  in  pails.  This  insures  a  more  uniform  mixture  than 
by  spraying  the  mass  with  a  hose. 

135.  Mixing  by  Machinery.  On  large  contracts  the  concrete 
is  gt^nerally  mixed  by  machinery.  The  economy  is  not  only  in  the 
mixing  itself  but  in  the  appliances  introduce<l  in  handHng  the  raw 
materials  and  the  mixetl  concrete.  If  all  materials  are  delivered 
to  the  mixer  in  wheel-barrows,  and  if  the  concrete  isconveved  awav 
in  wheel-l>arrows,  the  cost  of  making  concrete  is  high,  even  if  machine 
mixers  are  used.  If  the  materials  are  fed  from  bins  by  gravity 
into  the  mLxer,  and  if  the  concrete  is  dumped  from  the  mixer  into 
cars  and  hauled  away,  the  cost  of  making  the  concrc»te  should  l)e 
verj'  low.  On  small  jobs  the  cost  of  maintaining  and  operating 
the  mixer  will  usually  exceed  the  saving  in  hand  lal)or  and  will 
render  the  expense  with  the  machine  greater  than  without  it 

13().  Machine  vs.  Hand  Mixing.  It  has  already  Iktii  stated 
that  good  concrete  may  Ix'  produced  by  either  machine  or  hand  mix- 
ing, if  it  is  thoroughly  mixed. 

Tests"  made  by  the  U.  S.  (Jovenunent  engineers  at  Duluth, 
Minn.,  to  determine  the  relative  strength  of  concrete  mixed  by  hand 
and  mixe<l  by  machine  (a  culx;  mixer),  showed  that  at  7  days,  liand- 
mixtH^l  c*oncrete  possi\ssed  only  53  per  cent  of  the  strength  of  the 
machine-mixed  concrete;  at  28  days,  77  per  cent;  at  0  months,  S4 
pvT  cent;  and  at  one  year,  88  per  cent.  Details  of  these  tests  are 
given  in  Table  X. 

It  should  be  noted  in  this  connection,  that  the  variations  in 
strtMigth  from  highest  to  lowest  were  greatest  in  the  hand-mixed 
sjimples,  and  that  the  strength  was  more  uniform  in  the  machine- 
mixed. 
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TABLE  X 
Tensile  Tests  of  Concrete 

(From  "('oiicrcte  and  Keinforccd  Concrete  Construction,"  by  H.  A.  Reid) 


AoK,  AM)  Method  of  Mixing 

High 

Low 

AVKKAOE 

A  ye  7  Day  ft 
Machine-Mixed  Sample 
Hand-Mixed  Sample 

2G0 
159 

2 13 
113 

253 
134 

Age  28  Duyfi 
Machine-Mixed  Sample 
Hand-Mixed  Sample 

294 
231 

441 
3i>o 

249 
197 

274 
211 

Aye  6  Months 
Machine-Mixed  Sample 
Hand-Mixed  Sample 

345 

298 

388 
324 

Aye  Ojte  Year 
Machine-Mixed  Sample 
Hand-Mixed  Sample 

435 
3G9 

3G7 
312 

391 
343 

The  mixture  tested  was  coinjK)S(Hl  of  1  part  wmcnt  and  10.18 
parts  aggregate. 

STEEL  FOR  REINFORCING  CONCRETE 

137.  Steel  for  reiiiforeing  eouerete  is  not  usually  sul)jtK:*tc*<l  to 
so  severe  treatment  as  ordinary  struetural  steel,  as  the  impact  effect 
is  likelv  to  Ix'  less;  hut  the  (lualitv  of  the  steel  should  hv  cart»fullv 
specified.  To  rechiee  the  cost  of  rein  forced -concrete  structures, 
there  has  heeii  a  great  tendency  to  use  cheap  steel.  It  has  1x1*11 
generally  n^cognized  in  the  design  of  reinforced  concrete,  that  the 
ijii'ld  point  or  cIcLsfic  limlf  of  the  steel  shall  he  consideml  as  the  jaillmj 
point.  It  has  Ixrn  shown  hy  i)eam  t(\sts,  that  when  the  yield  point 
of  the  steel  is  reached,  the  l)eam  sags  hecausc^  of  the  stretching  or 
slipphig  of  the  steel,  and  the  top  of  the  In'am  is  likely  to  crush. 

13S.  Quality  of  Reinforcing  Steel.  The  grades  of  steel  use<l 
in  HMuforced  concrete  range  from  soft  to  fairly  hard.  These  grades 
of  steel  may  he  chissified  under  three  heads:  ,vo//,  medium^  and  hard. 

Soft  atccl  should  have  an  ultimate  stn^ngth  of  o(),(KX)  to  6(),(KX) 
[M)un(ls  |HT  scjuare  inch,  and  an  elastic  limit  of  2S,()0()  to  »>5,(KK) 
]H)unds  p(T  scjuare  inch.  The  elongation  should  Ik'  25  jkt  cent  in  S 
inch(\s;  and  the  s[H'cimen  should  l)end  cold  1«S0  degrees  flat  on  itself, 
without  fracture  on  the  outside. 
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Medium  steel,  ordinary  market  steel,  has  an  ultimate  strength 
of  0(),0()()  to  70,(KM)  pounds  per  sf|uare  inch;  and  the  elastic*  limit 
nm^jes  fn)m  35,000  to  40,000  pounds  per  s({uare  inch.  I'he  elonga- 
tion should  be  22  per  cent  in  8  inches,  and  the  specimen  should  l>end 
cold  around  a  diameter  equal  to  the  thickness  of  the  piece  tested. 
This  steel  is  manufactured  and  sold  under  standard  conditions,  and 
usually  it  can  safely  be  used  without  being  tested. 

Hard  steel,  better  known  as  high-carbon  steel,  should  have  an 
ultimate  strength  of  85,000  to  105,000  pounds  per  square  inch;  and 
the  elastic  limit  should  be  from  50,000  to  65,000  pounds  per  scjuare 
inch.  The  elongation  should  not  be  less  than  10  per  cent  in  8  inches 
for  a  test  piece  f  to  J  inch  in  diameter.  A  test  piece  J  inch  in  thick- 
ness should  l)end  100  degrees  without  fracture,  around  a  diameter 
ecjual  to  its  own.  The  high  steel  has  a  larger  percentage  of  carl>on 
than  the  medium  steel,  and  therefore  the  yield  point  is  higher.  This 
steel  is  to  l)e  preferred  for  reinforced-concrete  work;  but  it  should 
l)e  thoroughly  tested,  as  many  engineers  object  to  it  on  account  of 
its  brittleness  and  the  poor  quality  of  the  material  from  which  it  is 
sometimes  rolled.  On  account  of  its  higher  elastic  limit,  a  smaller 
percentage  of  steel  is  required ;  and  when  rolled  under  proper  spc»cifi- 
cations  and  inspection,  high  steel  is  more  economical  for  use  than 
loiv-carbon  steel. 

In  high-carbon  steel,  the  chemical  properties  should  conform 
to  the  following  limits: 

Phosphorus  not  to  exceed  0.06  per  cent. 

Sulphur  not  to  exceed  0.06  per  cent. 

Manganese  not  to  exceed  0.80  nor  less  than  0.40  per  cent. 

Carbon  not  to  exceed  0.65  nor  less  than  0.4.')  per  cent. 

In  comparing  the  two  processes  of  making  steel,  the  products  of 
Bessemer  steel  found  in  the  general  market  are  apt  to  lx»  extremely 
irregular  in  their  composition,  although  they  may  ire  rolled  into  like 
forms  and  sold  for  the  same  purpose.  Open-hearth  products  pur- 
chased in  the  open  market  and  designed  to  serve  the  same  purpose*, 
are  more  uniform  in  quality.  Test  specimens  cut  from  different 
parts  of  the  same  Bessemer  steel  plate,  often  show  a  wide  difference* 
in  their  mechanical  properties.  In  the  open-hearth  steel,  this  wide 
difference  is  not  found,  this  grade  of  steel  bt»ing  more  homogc^neous 
than  the  Bessemer  plates. 
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l.iO.  Types  of  Reinforcing  Steel.  The  reinforcing  steel  usually 
consists  of  small  bars  of  such  shape  and  size  that  they  may  easily  be 
lH*nt  and  placed  in  the  concrete  so  as  to  form  a  monolithic  stnicture. 
To  distribute  the  stress  in  the  concrete,  and  secure  the  necessarv 
bond  l)etween  the  steel  and  concrete,  the  steel  required  must  Ix*  sup- 
plied in  comparatively  small  sections.  All  types  of  the  regularly 
rolled  small  bars  of  square,  round,  and  rectangular  section,  as  well 
as  some  of  the  smaller  sections  of  stnictural  steel,  such  as  angles, 
T-hars,  and  channels,  and  also  many  special  rolled  bars,  have  been 
used  for  reinforcing  concrete.  These  bars  vary  in  size  from  }  inch 
for  light  construction,  up  to  IV  inches  for  heavy  beams,  and  up  to 
2  inches  for  large  columns.  In  Europe,  plain  round  bars  have  been 
extensively  used  for  many  vears;  and  in  the  United  States  also, 
th{»v  have  lx»en  extensively  used,  but  not  to  the  same  extent  as  in 

ft  ft  ' 

P^urope;   that  is,  in   America  a  very  much   larger   percentage  of 
work  has  l)een  done  with  de fanned  bars. 

1  10.  Plain  Bars.  With  plain  bars,  the  transmission  of  stresses 
is  ile|KMi(lent  upon  the  adhesion  between  the  concrete  and  the  steel. 

Square  and  round  bars  show  about 

th(^  same  adhesive  strength,  but 

the  adhesive  strength  of  flat  bars 

™    ,o    o  m  4     1  o.   .  „  is  far  lx»low  that  of  the  round  and 

Fig.  13.    Ransome  Twisted  SUKil  Bar. 

square  bars.  The  round  bars  are 
more  convenient  to  handle  and  easier  obtained,  and  have,  there- 
fore, generally  l>een  used  when  plain  bars  wen*  desirable. 

141.  Structural  Steel.  Small  angles,  T-bars,  and  channels 
have  been  used  to  a  greater  extent  in  Europe  than  in  this  country. 
They  are  principally  used  when*  riveted  skeleton  work  is  prepared 
for  the  steel  reinforcement;  and  in  this  case,  usually,  it  is  desirable 
to  have  the  steel  work  self-supporting. 

142.  Deformed  Bars.  There  are  many  forms  of  reinforcing 
materials  on  the  market,  difl'e ring  from  one  another  in  the  manner  of 
forming  the  irregular  projections  on  their  surface.  The  object  of 
all  these  special  forms  of  bars  is  to  furnish  a  bond  with  the  concrete, 
independent  of  adhesion.  This  bond  formed  between  the  deformed 
bar  and  the  concrete,  is  usually  called  a  mechanical  bond.  Some  of 
the  ino.st  common  types  of  bars  used  are  the  Ransome,  Thackeff 
Johnson,  Diamondy  Kakn,  and  Twisted  Liuf. 
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The  Ransome  or  twisted  bar,  shown  in  Fig.  13,  was  one  of  the 
first  steel  bars  shaped  to  give  a  mechanical  bond  with  concrete.  This 
type  of  bar  is  a  commerical  square  bar  twisted  while  cold.  There 
are  two  objects  in  twisting  the  bar — first,  to  give  the  metal  a  mechani- 
cal bond  with  the  concrete;  sepond,  to  increase  the  elastic  limit  and 
ultimate  strength  of  the  bar.  In  twisting  the  bars,  usually  one 
complete  turn  is  given  the  bar  in  eight  or  nine  diameters  of  the  bar, 


Pig.  14.    Thacher  Patent  Bar. 


with  the  result  that  the  elastic  limit  of  the  bar  is  increased  fn)m  40  to 
5()  per  cent,  and  the  ultimate  strength  is  incrt»a.siHl  fn)m  2;")  to  35  pc»r 
cent.  These  bars  can  readily  be  l)ougbt  already  twisted;  or,  if  it 
is  desired,  sc]uare  bars  may  be  bought  and  twisted  on  the  site  of  the 
work. 

The  Thacher  bar  (Fig,  14)  was  patented  by  Mr.  Edwin  Thacher, 
M.  Am.  Soc.  C.  E.     These  bars  are  rolled  from  medium  steel,  and 
range  in  size  from  \  inch  to  2  inches.     The  cross-sectional  area  is 
practically  uniform 
throughout,  and  all 
changes  in  shape  of 
section    are    made 
by  gradual  curves. 

The     Johnson 
or   Corrugated  bar 

(Fig.  15),  with  corrugations  on  all  four  sides,  was  invented  by  Mr. 
A.  L.  Johnson,  M.  Am.  Soc.  C.  E.  The  corrugations  are  so  placed 
that  the  cross-sectional  area  is  the  same  at  all  points.  The  angles 
of  the  sides  of  these  corrugations  or  square  shoulders,  vary  from  the 
axis  of  the  bars  not  exceeding  the  angle  of  friction  between  the  bar 
and  concrete.  These  bars  are  usually  rolled  from  high-carbon  steel 
having  an  elastic  limit  of  55,(XX)  to  65,000  pounds  per  square  inch 
and  an  ultimate  strength  of  about  100,000  pounds  per  square  inch. 
They  are  also  rolled  from  any  desired  quality  of  steel.     In  size  they 


Fig.  15.    Johnson  Bar. 
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na0F  b«M  \  sck  lo  1}  ncke,  their  grcttonal  area  being  the  saiu 
as  Uni  of  cna^HnBl  xjou*  lais  of  the  same  sixi-. 

IV  r-'fwiif  hmr  l¥ig.  16)  vms  cit^-isMJ  b;  Mr.  miliam  Mtiesi 
TW  faar  kas  a  iAm  cvusa-sn-tioo  thrvu^KHtt  its  length,  exerts  I 


;  stiragili  at  mty  section,  and  evrij'  portion 
KV^aUr  hr  Icnsalr  snmgtli.     Id  tlrsign.  this  Inr  consists  of  a  round 
bar  with  mtfriacing  kngitudinal  semicinTular  ribs,  and  without 
^jfaarp  9utgle&    Tltc  IHamund  bar  is  ooe  of  the  newer  tjpcvs  of  li 


The  Kakn  bar  (Kg.   17j  was  invented  by  Mr.  Julius  Kaha, 
Assoc.  M.  Am.  Soc.  C.  E.    This  bar  is  deigned  with  the  ussun]pti( 
that  the  shear  tncmbers  shouM  be  rigidly  cxinnected  (u  the  horizontlli 
llR-lubcrs.     Tin,"  l^r  is  iwlled  with  a  crrtss-si'ction  as  shown  in  t! 


1 


CVId  Twlslfd  Lue  Bit. 

figure.     The  thin  edges  are  cut  and  turned  up,  and  form  the  shel 
members.    These  bars  are  manufactured  in  several  sizes. 

The  Twisied  Lug  bar  (Fig.  18}  is  similar  in  form  to  the  J 
cold-twisted  bar,  with  the  addition  of  lugs  or  truncated  cones  plu 
at  regular  intervals  along  the  spirals.     These  bars  are  rollMl  with  t; 
lugs,  and  the  twisting  is  done  either  while  (lie  bars  are  hot  or  at  a 
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time  after  they  are  cold.  If  the  bars  are  twisted  while  hot,  their 
elastic  limit  and  ultimate  strength  are  not  raised;  that  is,  their  physi- 
cal properties  are  not  changed. 

Expanded  meted  (Fig.  19)  is  made  from  plain  sheets  of  steel,  slit 
in  regular  lines  and  opened  into  meshes  of  any  desired  size  or  section 


Pig.  19.    Styles  of  Expanded  Metal. 


of  strand.  It  is  commercially  designated  by  giving  the  gauge  of  the 
steel  and  the  amount  of  displacement  between  the  junctions  of  the 
meshes.    The  most  common  manufactured  sizes  are  as  follows : 

Standard  Sizes  of  Expanded  Metal 


Mr  AH 

Gauok 

Wfioht  per  8g   Ft. 

Sectional  Area 
1  foot  wide 

3-inch 
3-inch 
6-inch 

No.  16 
No.  10 
No.    4 

.30    lbs. 
.625  lbs. 
.86    lbs. 

.082  sq.  in. 

177  sq.  in. 

.243  sq.  in. 

Steel  vrire  fabric  reinforcement  consists  of  a  netting  of  heavy  and 
light  wires,  usually  with  rectangular  meshes.  The  heavy  wires 
carry  the  load,  and  the  light  ones  are  used  to  space  the  heavier  ones. 
There  are  many  forms  of  wire  fabric  on  the  market. 

Table  XI  is  condensed  from  the  handbook  of  the  Cambria  Steel 
Company,  and  gives  the  standard  weights  and  areas  of  plain  round 
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anii  sc|uare  liars  as  cominonly  used  in  reinforcecl-concTete  construc- 
tion: 

TABLE  XI 

Weights  and  Areas  of  Square  aad  Round  Bars 

^One  cubic  foot  of  steel  weighs  489 . 6  pounds) 


^                        '    Weight  or  Wlioht  or  ,                           .  ^ 

Thickxcm  or  sgi  a»e  B^e.  Rovsd  B%r.  ^  -^"'^  u'            Area  or  Circim  or 

Diameter        i  poor  Lon«  1  Foot  Long  S**''^"^  **^«  ^^'^^,  ^^*  '*°.'''l?  ®** 

(iDchM)            iPoundK)           'Pounds)  -Sq   In  >            iS<i   In)            (IncfacB) 


J  213  167  0525  0491  .7854 

A  332  261  .0977  .0767  9817 

i  478  376  1406  .1104  1    1781 

j\  651  511  1914  .1503  I   3744 

i  850  668  .2500  .1963  1  5708 

I  1   328  1  043  3906  .3068  1.9635 

1  1  913  1  502  5625  4418  2.3562 

1  3  400  2  670  1  0000  .7854  3.1416 
H  4  303  3  379  1  2656  9940  3. 5343 
IJ  5  312  4  173  15625  12272  3.9270 
li  7  650  6  008  2  2500  1  7671  4.7124 
If  10  41  8  178  3  0625  2.4053  5.4078 

2  13  60  10  68  4.0000  3.1416  6.1823 
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MASONRY  AND  REINFORCED 

CONCRETE 

PART   II 


STONE  MASONRY 

143.  Definitions.  In  the  followiiifr  ()ani^rcipiKs,  tlio  im^aiiin^s 
of  various  technical  terms  frwiueiitly  iiseil  in  stone  mason rv,  arc 
clearly  explained: 

Arris — ^The  external  eclgi*  forme*!  hv  two  surfatrs,  wh(»ther 
plane  or  curved,  meeting  each  other. 

Ashlar — ^A  stone  wall  built  of  stones  having  rectangular  faces 
and  with  joints  dressed  so  closely  tjiat  **the  <listanee  In^twcHMi  the 
genend  planes  of  the  surfaces  of  the  adjoining  stones  is  one-half 
mdh  or  kas." 

Ax  or  Pean  Hammer — ^This  tool  (Fig.  2())  is  similar  to  a  douhle- 
faladed  wood-ax.    It  is  used  after 
the    stone  is  rough-pointed,   to 
make  drafts  along  the  edges  of    \  ~ 

ihe  stone.    For  rul)ble  work,  and 
even  for  squared-stone  work,  no 

j»  .1  11  1  l*^i(>«  'A)«     Ax  <ir  I't'iin  tlaiiiiiii'r. 

finer  tool  need  be  used. 

Backing — ^The  masonry  on  the  back  side  of  a  wall;  iisuallv  of 
IDUgber  quality  than  that  on  the  faei\ 

Baiter — ^The  variation  from  the  |)erixMKHcnlar.  of  a  wall  surface 
It  18  usually  expressed  as  the  ratio  of  the  horizontal  distance  to  the 
vertical  height.  For  example,  a  batter  of  1: 12  means  that  the  wall 
bas  a  slope  of  one  inch  horizontally  to  each  twelve  inches  of  height. 

Bearing  Block — ^A  blcwk  of  stone  set  in  a  wall  with  the  sjx»cial 
purpose  of  forming  a  Ix'aring  for  a  concentrated  load  (sncli  as  the 
kmil  of  a  l)eam). 

Bed-Joint — A  horizontal  joint,  or  one  which  is  nearly  |*cr[H'ii(licu- 
lar  to  the  resultant  line  of  pressnn*  (see  Joint ). 

Copyright,  tsff^,  hy  Ant^rican  School  of  t'orrmponthnc- 
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Belt-Course — A  horizontal  t-oiirse  of  ston^  extcntiiiig  around  one 
or  more  faces  of  a  building;  it  is  usually  <.-om[x)sc<l  of  larger  .stones 
which  sometimes  project  siifihtly,  and  is  usually  (.'mployiHl  only  for 
architectural  effetl. 

liondiruj — A  system  of  arranging  the  stones  so  that  tlicy  are 
mutually  tied  together  by  the  overlapping  of  joints. 

'Bujih-IIammerinrf — A  methiKl  ()f  finishing  by  which  the  surface 
of  the  stone,  after  Iwing  roughly  dri'ssod  to  a  surface  which  is  nearly 


Fig.  SL    Uusb'Uiimmi  r. 


Fig.  23.    CavlL 


V 


plane,  is  smootiied  .still  more  with  h  huxh-hammer  (.see  Fig.  21 ).  'flic 
face  of  the  Inish-haniiner  has  a  large  iiuml>er  of  .small  jij-nimidal 
{Knnt.s,  which,  ill  skilful  hanils,  .sjx'edily  reduce  the  sucface  to  a  uni- 
furnily  granuliircondilioii. 

liuilrcHn^X  very  short  wall  (Fig.  22)  bnilt  perpendicular  to  a 
main  wall  which  mny  l>e  suhjeeled  to  lateral  thrust,  in  order  to  re- 
sist by  cumpri:i.ii<ni  the  tendency  to  fij)  over.    (See  CtmnterfoH.) 

Cavil— X  loo!  which  has  one  blunt  face,  and  ii  pyramidal  point 
at  the  other  end  (Fig.  2H).     It  is  iiseil  for  roughly  breakingupstone. 

Cbinel—A  tool  made  of  a  stwl  Imr  which  has  one  end  forgcfl 
and  gn.iind  |.>  a  chisi-1  e.lg.' i  I'V -"•  ''  i"  »■•«■<■  for  cultiiig  dnifl.s 
for  the  edg-'s  of  j K.nes. 

Cnp'inij-  A  course  of, -lone  whicli  <H|>s  the  top  of  a  wall. 

Varbct — A  stone  pnijecting  fiinn  the  face  of  a  wall  for  the  |nir- 
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pose  of  supporting  a  beam  or  an  arch  which  extends  out  from  the 
wall. 

Counterfort — A  short  wall  built  behind  a  retaining  wall,  to  relieve 
by  tensiofi  the  overturning  thrust  against  the  wall.     (See  Bviiress.) 

Course — A  row  of  stones  of  equal  height  laid  horizontally  along 
a  wall. 

Coursed  Masonry — Masonry  having  courses  of  equal  height 
throughout. 

Coursed  Rubble — Rubble  masonry  (see  Rubble)  which  is  leveled 
off  at  certain  definite  heights  so  as  to  make  continuous  horizontal 
joints.  The  expediency  of  this  is  doubtful.  It  certainly  adds  some- 
thing to  the  cost;  it  probably  makes  the  wall  somewhat  weaker,  and 
is  no  advantage  either  mechanically  or  in  appearance. 

Cramp — A  bar  of  iron,  the  ends  of  which  are  bent  at  right  angles, 
which  is  inserted  in  holes  and  grooves  specially  cut  for  it  in  adjacent 
stones  in  order  to  bind  the  stones  together.  When  they  are  carefully 
packed  with  cement  mortar,  they  are  ef- 
fectively prevented  from  rusting. 

CrandaM — A  tool  made  by  fitting  a 
series  of  steel  points  into  a  handle,  using  a 
wedge  (see  Fig.  25),  by  means  of  which  a 
series  of  fine  picks  at  the  stone  are  made 
with  each  stroke,  and  the  surface  is  more 
quickly  reduced  to  a  true  plane. 

CrandaUing — A  system  of  dressing  stone  by  which  the  surface*, 
after  having  been  rough-pointed  to  a  fairly  plane  surface,  is  liani- 
mered  with  a  crandall  such  as  is  illustrated  in  Fig.  25. 

Dimension  Stone — Cut  stone  whose  precise  dimensions  in  a 
building  are  specified  in  the  plans.  The  term  refers  to  the  highest 
grad6  of  ashlar  work. 

Dowel — A  straight  bar  of  iron,  copper,  or  even  stone,  which  is 
inserted  in  two  corresponding  holes  in  adjacent  stones.  They  may 
be  vertical  across  horizontal  joints,  or  horizontal  across  vertical 
joints.  In  the  latter  case,  they  are  frequently  used  to  tie  the  stones 
of  a  coping  or  cornice.  The  extra  space  l^etween  the  dowels  and  the 
stones  should  l^e  filled    with  melted  lead,  sulphur,  or  eenieiit  grout. 

Draft — A  line  on  the  surface  of  a  stone  which  is  cut  to  the  l)rea(lth 
of  the  draft  chisel. 


^^^AW^ 


Fig.  25.    CrandalL 
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Dry  Sitme  Jtammry — "ibasmrj  wfaicfa.  ia  pat  m  phw  without 
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ExtrmioM — ^Tbe  upper  mrface  of  iul  ascfa. 
Ffice — ^The  expiWPf  I  mifsMx  of  a  walL 

FtattnElitmanfer — A  moi  having'  a  hammer  &ce  and  an  ax  laoe. 
It  is  used  for  rongiiiv  squanng  op  stones,  either  f)r  rubbfe  work  or  in 

pivpanuioa    6>r   finer  stone  ciicssing.      See 

Fi^atiugrf — ::^  Fiwp, 

Foating—Tht  fixmdmtion  masoofY  for  a 
wall  or  pier,  asaalhr  composed  (in  stone 
Dia:aonrv>  of  \akrgt  stoocs  haTing  a  sufficient 
aieaaodiat  tfaepRssuie  upon  the  sofasoil  shall  not  cscecd  a  safe  limit, 
and  having  soffidenc  transverse  strength  to  (iistribiite  the  |»essure 
uiilbimh'  over  the  subeoiL 

Grcfut — A  thin  mixture  of  cement,  sand,  and  water,  whidi  is 
sometimes  farced  bv  pressure  into  the  cracks  in  defective  masonry 
or  to  fin  cavities  which  have  fi:>rmed  behind  masonrv  walls.  Some- 
times  groat  has  been  used  to  s;)liiiifv  quicksand.  Its  use  must  always 
be  considefed  as  a  makeshift  with  which  to  improve  a  bad  condition 
of  afiiairs.  It  is  frequently  used  in  the  endeavor  to  hide  defective 
work. 

Header — A  stone  laid  with  its  greatest  dimension  perpendicular 
to  the  face  of  a  wall.  Its  purpose  is  to  bond  together  the  facing  and 
the  backing. 

Inirados — ^The  inner  (or  under)  surface  of  an  arch. 

Jamb — The  vertical  sides  of  an  opening  left  in  a  wall  for  a  door 
or  window. 

Joint — ^The  horizontal  and  vertical  spaces  between  the  stones, 
which  are  filled  with  mortar,  are  called  the  joints.  WTien  they  are 
horizontal,  they  are  called  bed-joints.  Their  ^ndth  or  thickness 
depends  on  the  accuracy  ^-ith  which  the  stones  are  dressed.  The 
joint  should  always  have  such  a  width  that  any  irregularity  on  the 
surface  of  a  stone  shall  not  penetrate  completely  through  the  mortar 
joint  and  cause  the  str>nes  to  l)ear  directly  on  each  other,  thus  pro- 
ducing conccntratcMl  [)rcs.sun*s  and  transverse  stresses  which  might 
ru|)lurc  tlir  stones.  Tlu*  critrrion  used  by  a  committee  of  the 
American  .^-'ociety  of  Civil  Kn^^ineers  in  classifying  different  grades  of 
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masonry,  is  to  make  the  classification  depend  on  the  required  thick- 
ness of  the  joint.  These  thicknesses  have  been  given  when  defining 
various  grades  of  stone  masonry. 

Linid — The  stone,  iron,  wood,  or  concrete  beam  covering  the 
opening  left  in  a  wall  for  a  door  or  window. 

NaturcU  Bed — ^The  surfaces  of  a  stone  parallel  to  its  stratifi- 
cation. 

One-Man  Slone — A  term  used  to  designate  roughly  the  size  and 


Fig. »    Pllched- Fated  Masonry. 


weight  of  stone  used  in  a  wall.     It  represents,  approximately,  the  size 
of  stone  which  can  be  resdilyand  continuously  handled  by  one  man. 

Pick — A  tool  which  roughly  resembles  an  earth  pick,  but  which 
has  two  sharp  points.     It  is  used  like  a  cavil  for 
rou^Iy  breaking  up  and  forming  the  stones  as  de- 
sired.    (See  Fig.  27.) 

Piiehed-Faced   Maaonry — ^That   in   which    the 
edges  of  the  stone  are  dressed  to  form  a  rectangle 
which  lies  in  a  true  plane,  although  the  portion  of 
the    face   between   the  edges  is  not    plane.     (See       1/         J    \ 
Fig.  28.)  vis-  ^-_   PiicmnB 

packing  Chisel — A  tool  which  is  used  with  a 
mallet  to  prepare  pitched-face  masonry.     The  usual  dimensions  are 
as  illustrated  in  Fig.  29. 

Plinth — Another  term  for  Waier-Table,  which  see. 

Phtg — A  plug  b  a  truncated  wedge  (see  Fig.  .30).  C Correspond- 
ing with  them  are  wedge-shaped  pieces  made  uf  half-n>und  m:dleable 
iron.  A  plug  is  used  in  connection  with  a  |>air  of  feathers  to  .split  a 
section  of  stone  uniformly.     A  row  of  holes  is  drilled  in  a.  straight 
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line  along  the  surface  of  the  stone,  ami  a  plug  and  pair  of  ft^thurs  ' 
art-  inserted  in  each  hole.     The  plugs  iu  succession  are  tapped  lightly 
with  a  hammer  so  that  the  pressure  produced  \>y  all  the  plugs  is  ii 
creased  as  uniformly  us  possible.   When  the  pressure  is  uniform,  the  ■ 
stone  usually  splits  along  the  line  of  the  holes  without  injury  to  the 
portions  split  apart. 

Point — A  tool  made  of  a  bar  of  steel  whose  end  is  ground  to  a 
point.  It  is  used  in  the  intermediate  stage  of  dressing  an  irregular 
surface  which  has  already  Ijwn 
roughly  trued  up  with  a  fuce- 
hammer  or  an  ax.  For  rongti 
masonry,  this  maybe  the  fmishing 
tool.  For  higher-grade  masonry, 
such  work  will  be  followed  by 
bush-hammering,  crandalling,  etc. 

Pointing — A  term  applied  to  - 
the  process  of  scraping  out  the 
mortar  for  a  depth  of  an  inch  or 
more  on  the  face  of  a  wall  after 
the  wall  is  complete  and  is  sup- 
posed to  have  become  compressed 
to  its  final  form;  the  joints  are  then  filled  with  a  very  rich  mortar — 
say  et|ual  parts  of  cement  and  sand.  Although  ordinarj'  brickwork 
is  usually  laid  by  finishing  the  joints  as  the  work  proceeds,  it  b 
impossible  to  prevent  some  settling  of  the  masonry,  which  usually 
squeezes  out  some  of  the  mortar  and  leaves  it  in  a  cracked  condition 
so  that  rain  can  readily  penetrate  through  the  cracks  into  the  wall. 
By  scraping  out  the  mortar,  which  may  be  done  with  a  htwk  before 
it  has  become  thoroughly  hard,  the  joint  may  be  fillet!  with  a  high 
grade  of  mortar  which  will  render  it  practically  impen'ious  to  rain- 
water. The  pointing  may  \k  done  witli  a  masons'  irowel,  although, 
for  architectural  effect,  such  work  is  frecjuently  finished  off  with 
specially  formed  tools  which  will  mould  the  outer  face  of  the  mortar 
into  some  desired  form. 

Quarr;/-Faird  Slotw — Stone  laid  in  the  wall  as  it  comes  from 
the  quarry.  The  term  usually  applies  to  stones  which  have  such 
regtllur  cleavagi'  planes  thai  even  the  quarry  faces  are  sufficientiv 
regular  for  use  without  dressing. 
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Quoin — ^A  stone  placed  in  the  corner  of  a  wall  so  that  it  forms  a 
header  for  one  face  and  a  stretcher  for  the  other. 

Random — ^The  converse  of  Coursed  Masonry;  masonry  which  is 
not  laid  in  courses. 

Range — Masonry  in  which  each  course  has  the  same  thickness 
throughout,  but  the  different  courses  vary  in  thickness. 

Rip-Rap — Consists  of  rough  stone  just  as  it  comes  from  the 
quarry,  which  is  placed  on  the  surface  of  an  earth  embankment. 

RoughrPointinff — Dressing  the  face  of  a  stone  by  means  of  a 
pick,  or  perhaps  a  point,  until  the  surface  is  approximately  plane. 
This  may  be  the  first  stage  preliminary  to  finer  dressing  of  the  stones. 

Rubble — Masonry  composed  of  stones  as  they  come  from  the 
quarry  without  any  dressing  other  than  knocking  off  any  objection- 
able protruding  points.  The  thickness  may  be  quite  variable,  and 
therefore  the  joints  are  usually  very  thick  in  places. 

Slope-Wall  Masonry — ^A  wall,  usually  of  dry  rubble,  which  is 
built  on  a  sloping  bank  of  earth  and  supported  by  it,  the  object  of 
the  wall  being  chiefly  to  protect  the  embankment  against  scour. 

Spalls — Small  stones  and  chips,  selected  according  to  their 
approximate  fitness,  which  are  placed  between  the  larger,  irregular 
stones  in  rubble  masonry  in  order  to  avoid  in  places  an  excessive 
thickness  of  the  mortar  joint.  Specifications  sometimes  definitely 
forbid  their  use. 

Squared-Sione  Masonry — Masonry  in  which  the  stones  are 
roughly  dressed  so  that  at  the  joints  "the  distance  between  the 
general  planes  of  the  surface  of  adjoining  stones  is  one-half  inch  or 


more." 


Stretcher — A  stone  which  is  placed  in  the  wall  so  that  its  greatest 
dimension  is  parallel  with  the  wall. 

String-Course — ^A  course  of  stone  or  brick  running  horizontally 
around  a  building,  whose  sole  purpose  is  architectural  effect  (see 
Belt-Course). 

Template — ^A  wooden  form  used  as  a  guide  in  dressing  stones  to 
some  definite  shape  (see  Figs.  33  and  34). 

Two-Men  Stone — A  rather  indefinite  term  applied  to  a  size  and 
weight  of  stone  which  cannot  Ik»  readily  handled  except  by  two  men. 
The  term  has  a  significance  in  planning  the  masonry  work. 

Waler-Table — A  course  of  stone  which  pn>jects  slightly  fn)m  the 
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face  of  the  wall  and  which  is  usually  laid  at  the  top  of  the  foundation 
walL  Its  function  is  chiefly  architectural,  although,  as  its  name 
implies,  it  is  supposed  to  divert  the  water  which  might  drain  down 
the  wall  of  a  building,  and  to  prevent  it  from  following  the  face  of 
the  foundation  wall. 

Woodm  Brick — A  block  of  wood  placed  in  a  wall  in  a  situation 
where  it  will  later  be  convenient  to  drive  nails  or  screws.  Such  a 
blodk  IS  considei>ed  preferable  to  the  plan  of  subsequently  drilling  a 
hole  and  inserting  a  plug  of  wood  into  which  the  screws  or  nails  may 
be  driven,  since  such  a  plug  may  act  as  a  powerful  wedge  and  crack 
the  masonrw 

144.    Classification    of    Dressed    Stones.    Stone    masonry    is 
classified  according  to  the  shape  of  the  stones,  and  also  according 
to  the  quality  and  accuracy  of  the  dressing  of  the  joints  so  that  the 
joints  may  be  cUvse.     The  definitions  of  these  various  kinds  of  stone- 
work have  already  l>een  given  in  the  previous  section,  and  therefore 
will  not  be  repeated  here;  but  the  classification  will  be  repeated  in 
the  order  of  the  quality  and  usual  relative  cost  of  the  work.     The 
term  ashlar  refers  to  the  rectangular  shape  of  the  stone  and  the 
accuracy  of  dressing  the  joints,  and  may  be  applied  to  coursed  ashlar , 
range,  and  even  random.    The  next  grade  in  quality  is  squared-sionc 
masonry,  which  like\\nse  refers  only  to  the  accuracy  in  dressing  the 
joints.     The  variations  in  the  coursing  of  the  stones  may  be  the  same 
as  for  ashlar.     The  term  rubble  is  usually  applied  to  stone  masonry 
on  which  but  little  work  hiis  l)een  done  in  dressing  the  stones,  al- 
though the  cleavage  planes  may  l^e  such  that  very  regular  stones 
may  be  pnxlueed  with  verj'  little  work.     Rubble  masonry  usually 
has  joints  which  are  very  irregular  in  thickness.     In  order  to  reduce 
the  amount  of  clear  mortar  which  otherwise  might  be  necessary  in 
places  between  the  stones,  small  pieces  of  stone  called  spalls  are 
placed  between  the  larger  stones.    Such  masonry  is  evidently  largely 
dependent  upon  the  shearing  and  tensile  strength  of  the  mortar  and 
is  therefore  comparatively  weak.     Random  ridyhle  (Fig.  31),  which 
has  joints  that   an*   not   in   <i:en(Tal   horizontal  or  vertical,  or  even 
approximately  so,  must  1h'  c^onsideRMJ  as  a  weak  tvpe  of  masonry. 
In  fact  the  n*al  stren<^th  of  siic-h  walls,  which  art*  frecjuently  built 
for  architectural  cffc^ct,  (1c|kmi(Is  on  the  backing  to  which  the  facing 
stones  aR'  sometimes  secured  by  cramps. 
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Fig.  31.    Random  Rabble. 


145.  Stone  Cutting  and  Dressing.  Many  of  the  requirements 
and  methods  of  stone  dressing  have  already  been  stated  in  the  defi- 
nitions given  above.  Frequently  a  rock  is  so  stratified  that  it  can  be 
split  up  into  blocks  whose  faces  are  so  nearly  parallel  and  perpendicu- 
lar that  they  may  be  used  with  little  or  no  dressing  in  building  a  sub- 
stantial wall  with  comparatively 
close  joints.  On  the  other  hand, 
an  igneous  rock  such  as  granite 
must  be  dressed  to  a  regular  form. 
The  first  step  in  making 
rectangular  blocks  from  any  stone 
is  to  decide  from  its  stratification, 
if  any,  or  its  cleavage  planes,  how 
the  stone  may  be  dressed  with  the 
least  labor  in  cutting.  The  stone 
is  then  marked  in  straight  lines 
with  some  form  of  marking  chalk,  and  drafts  are  cut  with  a 
drafting  chisel  so  as  to  give  a  rectangle  whose  four  lines  lie  all  in 
one  plane.  The  other  faces  are  then  dressed  off  with  as  great 
accuracy  as  is  desired,  so  that  they  are  perpendicular  (or  parallel) 
to    this    plane.      For  squared-stone    masonry,   and   especially  for 

ashlar  masonry,  the  drafts  should  he  cut  for 
the  bed-joints,  and  the  surface  between  the 
drafts  on  any  face  should  be  worked  down  to 
a  true  plane,  or  nearly  so.  The  bed-joints 
should  be  made  slightly  concave  rather  than 
convex,  but  the  concavity  should  be  very 
slight.  If  the  surface  is  very  convex,  there 
is  danger  that  the  stones  will  come  in  con- 
tact with  each  other  and  produce  a  concen- 
tration of  pressure,  unless  the  joints  are 
made  undesirably  thick.  If  they  are  very 
concave,  there  is  a  danger  of  developing 
transverse  stresses  in  the  stones,  which  might  cause  a  rupture. 
The  engineer  or  contractor  must  be  careful  to  see  that  the  bed- 
joints  are  made  truly  perpendicular  to  the  face.  A  frequent  trick 
of  masons  is  to  make  the  stones  like  truncated  wedges,  as  illus- 
trated  in  Fig.  32.     Such  masonry,  when  finished,  may  look  almost 


Fig.  32.    Defective  Work. 
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like  ashlar;  but  such  a  wall  is  evidently  very  weak,  even 
ously  so. 

To  produce  a  cylindrical  surface  on  a  stone,  a  draft  must  be  cut 
along  the  stone,  which  shall  be  parallel  with  the  axis  of  the  cylinder. 
See  Fig.  33.  A  template  made  with  a  curve  of  the  desired  radius, 
and  with  a  guide  which  runs  along  the  draft,  may  be  used  in  culling 
down  the  stone  to  the  retjuired  cylindrical  form.  A  circular  template 
swung  around  a  point  which  may  Ix-  considered  as  a  pole,  may  l>c 
used  for  making  spherical  surfaces,  although  such  work  is  now  usually 
done  in  a  lathe  instead  of  by  hand. 

To  make  a  warped  surface  or  helicoidal  surface,  a  template  must 
be  made,  a.s  in  Fig.  34,  by  ^rst  cutting  two  drafts  which  shall  fit  a 
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template  made  as  shown  in  the  figure.  After  these  two  drafts  are 
cut,  the  surface  Itetween  them  is  dressed  down  to  fit  a  straight  edge, 
which  is  moved  along  the  two  drafts  and  perpendicular  to  them. 
Such  stonework  is  very  unusual,  and  almost  its  only  application  is 
in  the  making  of  oblique  or  helicoidal  arches. 

The  size  of  the  blocks  has  a  very  great  influerce  on  the  cost  of 
dressing  the  stones  per  cubic  yard  of  masonry.  For  example,  to 
quote  a  very  simple  case,  a  stone  3  feet  long,  2  feet  wide,  and  IS 
inches  high  has  12  square  feet  of  bed-joints,  fi  s<iuare  feet  of  end  joints, 
and  4.5  scjuare  feet  of  facing,  and  ct>ntains  9  cubic  feet  of  masonry. 
If  the  stones  are  18  inches  long,  1  foot  wide,  and  9  inches  high  (just 
one-half  of  each  dimension),  the  area  of  each  kind  of  dressed  joint  is 
one-fourth  that  in  the  ca.se  of  the  larger  stones,  but  the  volume  of  the 
masonry  is  only  one-eiglUk.     In  other  words,  for  stones  of  simitar 
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shape,  increasing  the  size  increases  the  area  of  dressing  in  proportion 
to  the  square  of  the  dimensions,  but  it  also  increases  the  volume  in 
proportion  to  the  cube  of  the  dimensions.  Therefore  large  stones  are 
far  more  economical  than  small  stones,  so  far  as  the  cost  of  dressing 
is  a  factor. 

The  size  of  stones,  the  thickness  of  courses,  and  the  type  of 
masonry  should  depend  largely  on  the  product  of  the  quarry  to  be 
utilized.  An  unstratified  stone  like  granite  must  have  all  faces  of 
the  stone  plug-and-feathered;  and  therefore  the  larger  the  stone,  the 
less  will  be  the  area  to  be  dressed  per  cubic  foot  or  yard  of  masonry. 
On  the  other  hand,  the  size  of  blocks  which  can  be  broken  out  from 
a  quarry  of  stratified  rock,  such  as  sandstone  or  limestone,  js  usually 
fixed  somewhat  definitely  by  the  character  of  the  quarry  itself.  The 
stratification  reduces  very  greatly  the  work  required,  especially  on 
the  bed-joints.  But  since  the  stratification  varies,  even  in  any  one 
quarry,  it  is  generally  most  economical  to  use  a  stratified  stone  for 
random  masonry,  while  granite  can  be  cut  for  coursed  masonry  at 
practically  the  same  expense  as  for  stones  of  variable  thickness. 

146.  Cost  of  Dressing  Stone.  Although,  as  explained  above, 
the  cost  of  dressing  stone  should  properly  be  estimated  by  the  square 
foot  of  surface  dressed,  most  figures  which  are  obtainable  give  the 
cost  per  cubic  yard  of  masonry,  which  practically  means  that  the 
figures  are  applicable  only  to  stones  of  the  average*  size  used  in  that 
work.  A  few  figures  are  here  quoted  from  ( xillette's  **Handl)ook  of 
Cost  Data :" 

(a)  Hand  Dressing — Wages,  50  cents  per  hour.  Soft,  25  to  30 
cents;  medium,  40  to  45  cents;  hard,  75  to  SO  cents,  per  square 
foot  of  surface  dressed. 

(6)  Hand  Dressing — Wages,  $3  per  day.  Limestone,  bush-ham- 
mered, 25  cents  per  square  foot. 

(c)  Hand  Dressing  Limestone — 36  square  feet  of  beds  and  joints 
per  9-hour  day  (or  4  square  feet  per  hour);  wapos,  40  rents  per 
hour,  or  10  cents  per  square  foot. 

((f)  Hand  Dressing  Granite — For  §-inch  joints,  20  cents  per  square 
foot. 

(e)  Sawing  Slabs  by  Machinery — Costs  approximately  17  cents  per 
square  foot. 

147.  Constructive  Features — Bonding.  It  is  a  fundamental 
principle  of  masonry  construction,  that  vertical  joints  (cither  longi- 
tudinal or  lateral)  should  not  be  continuous  for  any  great  distance. 
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Masonry  walls  (except  those  of  concrete  blocks)  are  seldom  or  never 
constructed  entirely  of  single  blocks  which  extend  clear  through  the 
wall.  The  wall  is  essentially  a  double  wall  which  is  frequently  con- 
nected by  headers.  These  break  up  the  continuity  of  the  lon^tu- 
dinal  vertical  joints.  The  continuity  of  the  lateral  vertical  joints  is 
broken  up  by  placing  the  stones  of  an  upper  course  over  the  joints  in 
the  course  below.  Since  the  headers  are  made  of  the  same  quality  of 
stone  (or  brick)  as  the  face  masonry,  while  the  backing  is  of  com- 
paratively inferior  quality,  it  costs  more  to  put  in  numerous  headers, 
although  strength  is  sacrificed  by  neglect  to  do  so.  For  the  best 
work,  stretchers  and  headers  should  alternate.  This  would  usually 
mean  that  about  one-third  of  the  face  area  would  consist  of  headers. 
One-fourth  or  one-fifth  is  a. more  usual  ratio.  Cramps  and  doweb 
are  merely  devices  to  obtain  a  more  efficient  bonding.  An  inspector 
must  guard  against  the  use  of  blind  headers^  which  are  short  blocks  of 
stone  (or  brick),  which  have  the  same  external  appearance  on  the 
finished  wall,  but  which  furnish  no  bond.  After  an  upper  course  has 
been  laid,  it  is  almost  impossible  to  detect  them. 

Amount  of  Mortar.  For  the  same  reasons  given  when  dis- 
cussing the  relation  of  size  of  stones  to  amount  of  dressing  required, 
more  mortar  jxt  cubic  yard  of  masonry  is  needed  for  small  stones  than 
for  large.  The  larger  and  n)ugher  joints,  of  course,  require  more 
mortar  jx^r  cubic  van!  of  masonry.  In  the  tabular  form  at  top  of 
j)age  0.'),  are  given  figures  which,  for  the  al)ove  reasons,  are  necessarily 
approximate;  the  larger  amounts  of  mortar  represent  the  require- 
ments for  the  smaller  sizes  of  stone,  and  vice  versa: 

The  stones  should  be  very  thoroughly  wetted  before  laying  in 
the  wall,  so  that  they  will  not  absorb  the  water  in  the  mortar  and 
ruin  it  liefore  it  can  svt.  It  is  very  imjx^rtant  that  the  bed-joints 
shoukl  be  thoroughly  flushed  with  mortar.  All  vertical  joints  should 
likewise  be  tightly  filled  with  mortar. 

14S.  Allowable  Unit-Pressures.  In  estimating  such  quantities, 
the  following  considerations  must  be  kept  in  mind: 

(u)  The  accuracy  of  tho  dressing  of  the  stone,  particularly  the  bed- 
jointR.  has  a  very  great  influence. 

{b)     The  strength  is  largely  dependent  on  that  of  the  mortar. 

(r)  The  strength  is  so  little  dependent  on  that  of  the  stone  itself  that 
the  strenirth  of  the  stone  eannot  he  considercil  a  guide  to  the  strength  of 
the  masonry.  For  example,  masonry  has  !)ecn  known  to  fail  under  a  load  not' 
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inoro  than  fivo  por  (jont  of  the  ultimate  priishinjpr  HtrcMi^Ui  of  thr  storio  itsrif. 

('//)  Tlic  HtronRth  of  a  miniature  or  sniall-soale  prism  of  masonry  is 
fviiiently  no  guide  to  the  strenj^th  of  hirj^e  prisms.  The  nltimato  strenj^th  of 
thoso  is  boyon«l  the  eapaeity  of  testing;  ma(*hin<'s. 

(e)  So  mueh  <Iei)en<ls  on  the  workmanship,  that  in  any  strurtun* 
\vh«*rf'  the  unit-stresses  are  so  great  as  to  raise  any  cpicstion  roneerning the 
strength,  the  best  workmanship  must  be  nvjuired. 

Jiid^np;  fmm  tlio  compiitwl  |)ressim\s  now  carrinl  hy  wnUnl 
stnictim\s,  and  also  from  tho  pn*ssiin»s  snstaiiKMl  hy  picM-s,  el(*.,  which 
have  shown  distress  and  havr  Innm  removed,  it  is  evident  tluit,  :is- 
suinin^  ^xhI  workmanship,  wo  may  dejx'nd.on  nuisonry  jis  follows: 

Allowable  Pressures  on  Masonry 

Oranite  Ashlar up  to -100  pounds  pors(|.  inrh 

Limestone  or  Samlstone  Ashlar "    '*  .'U)0 

S*|uareil  Stone "    "  J.V) 

liubblo •'    "  100 

It  is  interesting  to  note  tluit,  altlion^h  ronrret^*  has  hecn  con- 
siderrd  inferior  even  to  nihhle,  !init-stn»ss<\s  of  KM)  pounds  jht  s^jnarc* 
inch  are  now  lx*ing freely  (»mployed  for  coiun'le. 

149.  Cost  of  Stone  Masonry.  The  total  cost  is  a  ('ondiination 
of  several  very  variable  items  as  follows: 

1.  Value  of  quarry  privilejijo; 

2.  CoBt  of  stripping  sujM'rineumbpnt  earth  or  «lisint«'j:r:itrd  mr-k; 

3.  (?o«t  of  quarrying; 

4.  C'ost  of  dressing; 

5..    ('Ost  of  trans])ortation   (teaminir,  r:ulro:nl.  rtc.)  from  quarry   to 
Hite  of  work; 

6.  C-ost  of  mortar; 

7.  C'ostof  eentering,  srafToldinj:,  d^rrirks,  vir.; 
K.     (-OHt  of  laying; 

9.     Interest  and  dcpreeiation  on  plant ; 
lU.     Su|)orintcn<lence. 

Some  of  the  alM)vc  items  may  1h'  j)ractically  nothin*;,  in  cases. 
The  cost  of  some  of  the  items  has  alrcadv  been  discnssed.     The  cost 
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of  many  items  is  so  dependent  on  local  conditions  and  pria*s  that  tlie 
quotation  of  the  cost  of  definite  jobs  would  have  hut  little  value  and 
mi^ht  even  Ik*  deceptive.  The  following  very  general  values  may  Ix* 
useful  to  give  a  broad  idea  of  the  cost: 

Cost  of  Stone  Masonry 

Rubble  Masonry  in  Mortar $3.00  to  I  5.00  per  cubic  yard. 

Squanul-Stone  Masonry 6.00  to     10.00   *'       " 

Dimension  Stone,  Granite  Ashlar up  to    60.00   " 

BRICK  MASONRY 

Many  of  the  terms  employed  in  stone  masonry,  and  of  the 
directions  for  properly  doing  the  work,  an*  equally  applicable   to 
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Fig.  35.    Common  n«md. 

brick  masonry,  an<i  then^fore  will  not  Ix*  here  repeated.  The  follow- 
ing s(»ctions  will  l)e  devoted  to  those  terms  and  specifications  which 
are  ap[)licabl(»  only  to  brick  masonry. 

ir>().  Bonding  Used  in  Brick  Masonry.  Some  of  the  principles 
involved  in  the*  effect  of  lH)n(ling  on  the  stn^ngth  of  a  wall,  have  al- 
r(»ady  U^en  discussed  under  *'Stone  Masonry."  The  other  considera- 
tion is  that  of  architcH'tural  ap|x\'irance.  The  common  methoil  of 
Inrnding  (Fig.  3;"))  is  to  lay  five  or  six  courses  of  brick  entin*ly  as 
stretchers,  then  a  course  of  brick  will  l)e  laid  entin*ly  as  headers. 
Then*  is  probably  some  economy  in  the  work  rec|uired  of  a  brick- 
layer in  following  this  policy.  The  so-called  English  Bond  (Fig.  36) 
consists  of  alt(Tnate  courses  of  headers  and  strt^tchers.  If  the  face 
bricks  are  of  Ix'tter  (|uality  than  those  used  in  the  backing  of  the  wall, 
this  svstem  means  that  one-half  x\\v  face  area  of  the  wall  consists  of 
hea(l(Ts;  which  is  certainly  not  an  economical  way  of  using  the  facing 
brick.     The  Finnish  Bond  (Fig.  37)  employs  alternate  headers  and 
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stretchers  in  each  course,  and  also  disposes  of  the  vertical  joints  so 
that  there  is  a  definite  pattern  in  the  joints,  which  has  a  pleasing 
architectural  effect. 

151.  Constructive  Features.  On  account  of  the  comparatively 
hi^  absorptive  power  of  brick,  it  is  especially  necessary  that  they 
shall  l)e  thoroughly  soaked  with  water  before  l)eing  laid  in  the  wall. 
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Fig.  36.    English  Bond. 

An  excess  of  water  can  do  no  harm,  and  will  further  insure  the  bricks 
being  clean  from  dust,  which  would  affect  the  adhesion  of  the  mortar. 
It  is  also  important  that  the  brick  shall  he  laid  with  what  is  called  a 
shove  joint.  This  term  is  even  put  in  specifications,  and  has  a  definite 
meaning  to  masons.  It  means  that  after  laying  the  mortar  for  the 
Ixnl-joints,  a  brick  is  placed  with  its  edge  projecting  somewhat  over 
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Pig.  37.    Flemish  Hond. 

that  of  the  lower  brick,  and  is  then  pressed  oown  into  the  mortar, 
and,  while  still  being  pressed  down,  is  showed  into  its  projxT  position. 
In  this  way  is  obtained  a  proper  adhesion  lx»tween  the  mortar  and  the 
brick. 

The  thickness  of  the  mortar  joint  should  not  be  over  one-half 
inch;  one-fourth  inch,  or  even  less,  is  far  better,  since*  it  gives  stronger 
masonry.     It  requires  more  care  to  make  thin  joints  than   thick 
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joints,  and  therefore  it  is  very  diffieult  to  obtain  thin  joints  when 
masons  an*  paid  hv  j>it*et»\vork.  ]*n»ss(Hl  hriek  fn>nts  an»  laici  with 
joints  of  oiuMMghth  ineh  or  even  less,  hut  this  is  considered!  hi^h- 
^rade  work  and  is  paid  for  aeeonlin^Iy. 

ir)2.  Strength  of  Brickwork.  As  previously  stated  with  res|HHt 
to  stoiK*  masonry,  the  stn*n^th  of  hriek  mastmry  is  lar^<»ly  de{H*ndent 
ujion  the  strength  of  the  mortar;  hut,  unlike  stone  masonry,  the 
streMifi^th  of  oriek  masonry  is,  in  a  much  lar^T  prop)rtion,  clejX'ndent 
on  the  strength  of  the  hriek  eomjX)sing  it.  The  ultimate  stn*n^th  of 
hriek  masonrv  has  Ikmmi  determined  hv  a  series  of  tests,  to  varv  from 
1,(K)()  to  2,(KK)  {MHinds  jx»r  sciuare  ineh,  using  lime  mortar;  and  frr>m 
l,r)(K)  to  3,(KK)  ])ounds  jxt  scjuare  ineh,  using  cement  mortar — the 
variation  in  each  group  (for  the  same  kind  of  mortar)  ile|xmding  on 
th(»  (juality  of  the  brick.  A  largi*  factor  of  safety,  |x*rhaps  10,  should 
l)c  used  with  such  figun^s. 

1."):].  Methods  of  Measuring  Brickwork.  There  is  unfortunate- 
ly a  considerable  variation  in  the  metho<ls  of  measuring  brickwork, 
the  variation  de|x^nding  on  l<x»al  trade  customs.  Brickwork  is  often 
paid  for  by  tin*  ]}erch.  Th(»  volume  of  a  perch  was  originally  taken 
from  a  similar  volume^  of  stone  masonry,  the  unit  Inking  a  section  of 
thr  wall  OIK*  rod  [\^\\  fe(*t)  long  and  one  fcK)t  high.  Sincv  the  usual 
(iistom  ni:ul(»  such  a  wall  IS  inches  thick,  the  vohime  24]  cubic  fi»et 
( anic  to  br  considcnMl  as  one  jXTcli  of  masonrv;  then  this  numlx'r 
was  niodified  to  the  roiuid  nnmlHM*  2.")  cubic  feet,  for  convenienct*  of 
computation.  The  construction  of  walls  one  f(X)t  thick  and  with  the 
same  face*  unit  of  ineasurcnient,  gave  rist»  to  a  unit  volume  of  \{\\ 
cubic  feet,  which  was  also  called  a  }x»rch.  Such  units  have  un- 
doubtcdlv  arisen  from  the*  fact  that  it  n»<iuiR\s  more  work  jxt  cubic 
vanl  to  build  a  thin  wall  than  a  thick  wall,  and  the  brick  mason 
desires  a  iniit  of  nieasureuK^nt  more  nearly  in  ac^conlaiMV  with  the 
labor  involved. 

Hriek  is  <reuerallv  i)aid  for  bv  the  cubic  vanl  or  hv  the  thousand, 

Oil  I  •  • 

and  the  bidder  must  make  his  own  allowance,  if  necvssiiry,  for  any 
extra  work  due  to  thin  walls.  TJa*  lunnU'r  of  brick  |XT  cubic  vanl 
d('|)<'nds  on  tlu'  thickness  of  tia*  joints  and  on  the  size*  of  the  bricks. 
A  verv  slight  variation  in  thr  thickness  of  the  joint  will  changi'  V(»ry 
nijitcriallv  tlu'  number  ()f  brick  iwr  cubic  vard,  aial  also  the  amount  of 
mortar.     'i1ie  exact  values  (according  to  the  size  of  the  brick  and  the 
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thickness  of  the  mortar  joint)  are  as  given  below;  but  the  values  are 
not  closely  to  be  depended  on,  because  of  these  variations : 

Quantities  of  Briclc  and  Mortar 


Kind  of  Brick 


Size 
(Inches) 


Coramon  brick     8i  X  4     X  2i 

'  8i  X  4     X  2J 


(( 


Pressed 


it 


8i  X  4i  X  2i 


Thick- 
ness OF 
Joints 


No.  OF 

Brick 

PER  Cubic 

Yard 


i  in. 
i  in. 
i  in. 


430 
516 
544 


Mortar 


Per  Cubic 
Yard  of 
Mawonhy 


Pku  1.000 
Brick 


.34  cu.  yd.       so  cu.  yd, 
21   "      "       .40 


11 


a 


i( 


n 


n 


.21 


H        it 


It  is  very  common  and  convenient  to  estimate  that  1,000  brick 
wall  make  two  cubic  yards  of  masonry.  The  numlx^r  of  brick  ]K»r 
cubic  yanl  given  above  is  the  equivalent  of  IG,  19,  and  20  brick  jK»r 
cubic  foot.  Bricklayers  (backed  up  by  their  unions)  sometimes  de- 
mand pay  i)er  1,000  brick  laid,  but  compute  the  numIxT  on  the  basis 
of  71  bricks  per  superficial  foot  of  a  wall  4  inches  thick,  15  bricks  for 
a  **0-inch  wall,"  and  22i  bricks  for  a  "13-iiich  wall."  The  nunilxr 
actually  useil  in  a  13-inch  wall  varies  from  17  to  20. 

154.  Cost  of  Brickwork.  A  laborer  should  hancHc  2,(KK)  brick 
j)er  hour  in  loading  them  fn>m  a  car  to  a  wagon.  If  they  arc  not  un- 
loaded by  dumping,  it  will  require  as  much  time  agjiin  to  unload  thcin. 
A  mason  should  lay  from  1,200  to  1,500  brick  pvv  9-hour  day  on 
ordinary  wall  work.  For  large,  massive  foundation  work  with  thick 
walls,  the  number  should  rise  to  3,000  per  day.  On  the  other  hand, 
the  number  may  drop  to  200  or  300  on  the  Ix^st  grade  of  pre.ssed- 
brick  work.  About  one  helper  is  recjuired  for  each  mason.  Mjisons* 
wages  vary  from  40  to  60  cents  per  hour;  helpers'  wag(\s  are  about 
one-half  as  much. 

155.  ImpemieabiUty.  As  previously  stated,  brick  is  very 
porous;  ordinary  cement  mortar  is  not  water-tight;  and  therefore, 
when  it  is  desirable  to  make  brick  masonry  imperv^ious  to  water, 
some  special  method  must  be  adopted  as  described  in  Part  I,  under 
the  head  of  ''Waterproofing." 

156.  Efflorescence.  This  name  is  applied  to  the  white  deposit 
which  frequently  forms  on  brickwork  and  concn*te,  and  has  already 
been  describeil  in  Part  I.  The  Svlvester  wash  has  fre(iuentlv  In^cn 
used  as  a  preventive,  and  with  fairly  good  results.      Diluted  acid 


;^3i'i0^ 


111 


100  MAS(3XRY  AND  REINFORCED  CONCRETE 


has  been  used  successfully  to  remove  the  eflBorescence.  These 
methods  have  alreaclv  lx?en  descril)ed  in  Part  I. 

157.  Brick  Piers.  A  brick  pier,  as  a  general  rule,  is  the  only 
form  of  brickwork  that  is  subjected  to  its  full  resistance.  Sections 
of  walls  under  Ix^aring  plates  also  receive  a  comparatively  large  load; 
but  only  a  few  courses  receive  the  full  load,  and  therefore  a  greater 
unit-stress  may  l)e  allowed  than  for  piers. 

Kidder  gives  the  following  formulie  for  the  safe  strencrth  of  brick 
piers  exceeding  6  diameters  in  height : 

Piers  laid  with  rich  lime  mortar, 

H 
Safe    load  in   pounds   per  square   inch  =  110  —  b-j^,..{\) 

Piers  laid  with  1  to  2  Natural  cement  mortar, 

Safe  load  in  pounds  per  square  inch  =  140  —  ^h-fr  •  .  (2)     ►..(!) 
Piers  l.vid  with  1  to  3  Portland  cement  mortar, 

Safe  load  in    pounds   per   square  inch  =  200  —  6-^  . .  (3) 

In  the  above  foriuuhe,  //  is  the  height  of  the  column  in  feet,  and  D  is 
the  diameter  of  the  column  in  feet. 

For  example,  a  column  16  feet  in  height  and  \\  feet  square,  laid 
with  rich  lime  mortar,  may  be  subjected  to  a  load  of  65  pounds  per 
scjuare  inch,  or  9,360  [X)unds  \y^v  scjuare  foot;  for  a  1  to  2  natural 
wment  mortar,  IK)  pounds  jxt  scjuare  inch,  or  12,960  pounds  per 
sijuart*  foot;  and  for  a  1  to  3  Portland  cement  mortar,  146  pounds  per 
sijuare  inch,  or  20,914  jxnmds  pt»r  square  foot. 

The  building  laws  of  some  cities  retjuire  a  bonding  stone  spaced 
every  3  to  4  feet,  when  brick  piers  are  ust»d.  This  stone  Is  5  to  8 
inches  thick,  and  is  the  full  size  of  the  pier.  Engineers  and  archi- 
tects an*  divided  in  their  opinion  as  to  the  results  obtained  by  using 
the  bonding  stone. 

CONCRETE 

loS.  Concn^te  is  extensively  used  for  constructing  the  many 
difFerent  tyjxvs  of  foundations,  Retaining  walls,  dams,  culverts,  etc. 
The  ingredients  of  which  concrete  is  made,  the  proportioning  and 
the  methoils  of  mixing  these  materials,  etc.,  have  been  discussed  in 
Part  I.  Methods  of  mixing  and  handling  concrete  by  machinery 
will  be  discussed  in  Part  IV.  Various  details  of  the  use  of  c*oncrete  in 
the  cDiistnution  of  foundations,  etc.,  will  Ix^  discusst»d  during  the 
treatment  of  the  several  kinds  of  work. 
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RUBBLE  CONCRETE 

159.  Rubble  concrete  includes  any  class  of  c*oncretc  in  which 
large  stones  are  placed.  The  chief  use  of  this  concrete  is  in  con- 
structing dams,  lock  walls,  breakwaters,  retaining  walls,  and  bridge 
piers. 

The  cost  of  rubble  concrete  in  large  mas'ses  should  Ix?  less  than 
that  of  ordinary  concrete,  as  the  expense  of  crushing  the  stone  used 
as  rubble  is  saved,  and  each  large  stone  replaces  a  portion  of  cement 
and  aggregate;  therefore  this  portion  of  cement  is  saved,  as  well  as 
the  labor  of  mixing  it.  The  weight  of  a  cubic  foot  of  stone  is  greater 
than  that  of  an  equal  amount  of  ordinary  concrete,  because  of  the 
pores  in  the  concrete;  the  rubble  concrete  is  therefore  heavier,  which 
increases  its  value  for  certain  classes  of  work.  In  comparing  rubble 
concrete  with  rubble  masonry,  the  former  is  usually  found  cheaper 
because  it  requires  very  little  skilled  labor.  For  walls  3  or  3\  feet 
thick,  the  rubble  masonry  will  usually  be  cheaper,  owing  to  the 
saving  in  forms. 

160.  Proportion  and  Size  of  Stone.  Usually  the  proportion  of 
rubble  stone  is  expressed  in  percentage  of  the  finished  work.  This 
percentage  varies  from  20  to  65  per  cent.  The  piTcentage  dejKMKls 
largely  on  the  size  of  the  stone  used,  as  there  must  Ijc  nearly  us  nnich 
space  left  between  small  stones  as  l)etween  large  ones.  The  jxt- 
a»ntage  therefore  increases  with  the  size*  of  the  stones.  When  "one- 
man"  or  "two-men''  rubble  stone  is  used,  about  20  per  cent  to  25 
per  cent  of  the  finished  work  is  composed  of  these  stones.  When 
the  stones  are  large  enough  to  Ik*  handled  with  a  derrick,  the  pro- 
portion is  increased  to  about  33  per  cent;  and  to  55  per  cent,  or  even 
65  per  cent,  when  the  rubble  stones  average  from  1  to  21  cul)ic  yards 
each. 

The  distance  between  the  stones  may  vary  from  3  inches  to  15  or 
18  inches.  With  a  very  wet  mixture  of  concrete, which  is  generally 
used,  the  stones  can  be  placed  much  closer  than  if  a  dry  mixture  is 
used.  With  the  latter  mixture,  the  space  must  l)e  sufficient  to  allow 
of  the  concrete  being  thoroughly  rammed  into  all  of  the  crevices. 
Specifications  often  state  that  no  rubl)Ie  stone  shall  be  phiced  nearer 
the  surface  of  the  concrete  than  6  to  12  incfees. 

161.  Rubble  Masonry  Faces.    The  faces  of  dams  are  very  often 
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built  of  riibhlc,  ashlar,  or  cut  stone,  and  the  filling  l)etween  the 
made  of  rubble  concrete.     For  this  style  of  construction,  no  forms  a 
re^iuired.    For  rubble  concrete,  when  the  faces  are  not  construct 
of  stone,  wooden  forms  are  constructed  as  foi'  ordinary  concrete. 

102.    Comparison  of  Quantities  of  Materials.    The  mixture  o9i^^ 
concrete  used  for  this  class  of  work  is  often  1  part  Portland  cement, «  *  ^» 
3  parts  sand,  and  6  parts  stone.     The  quantities  of  materials  re- 
quired for  one  yard  of  concrete,  according  to  Table  \T,  are  1.05 
bbls.  cement,  0.44  cu.  yd.  sand,  and  0.88  cu.  yd.  stone.     If  rubble  ^^'e 
concrete  is  used,  and  if  the  rubble  stone  laid  averages  0.40  cubic    "=1^*0 
yanl  for  each  yard  of  concrete,  then  40  per  cent  of  the  cubic  contents 
is  nibl)le,  and  each  of  the  other  materials  may  be  reduced  40  percent. 
lleducing  these  quantities  gives  1 .05  X  0.60  =  0.63  bbl.  of  ct*ment; 
0.44  X  0.60  =  0.26  cu.  yd.  sand;  and  0.88X0.60  =  0. 53  cu.  yd. 
of  stone,  jx»r  cubic  yard  of  rubble  concrete. 

'llie  construction  of  a  dam  on  the  Quinebaug  river  is  a  good 
example  of  rubble  concrete.  The  height  of  the  dam  varies  from  3i) 
to  45  feet  above  bed-rock.  The  materials  composing  the  concrete 
consist  of  bank  sniid  and  gravel  excavated  from  the  bars  in  the  bed 
of  the  river.  The  rock  and  boulders  were  taken  fnmi  the  site  of  the 
(lam,  and  were  of  varying  sizes.  Stones  ccmtaining  2  to  2\  cubic 
yards  were  used  in  the  liottom  of  the  dam,  but  in  the  upper  part  of  the 
(lam  smaller  stones  were  u.sed.  The  total  amount  of  concrete  u.serl 
in  the  dam  was  alK)Ut  12,000  cubic  yanls.  There  was  I\  cubic 
vards  of  eon('ret(»  for  each  barrel  of  cement  used.  The  cimcrete  was 
mixed  wet,  and  the  larg(^  stones  were  so  place<l  that  no  voids  or 
hollows  would  exist  in  the  finished  work. 

DCPOSITINQ  CONCRETE  UNDER  WATER 

\{h].  Methods.  In  depositing  eoncR^te  under  water,  some 
means  must  be  taken  to  prevent  the  separation  of  the  materials 
while  pa.ssing  through  the  water.  The  three  principal  methods  are 
as  follows : 

(1^     By  means  of  closed  buckets: 

cJ)     Hy  means  of  cloth  or  |)a})er  baps; 

{'4)     Hv  means  of  tubes. 

164.  Buckets.  For  depositing  concrete  by  the  first  method, 
sfx^cial  buckets  are  made  with  a  closed  •  top  and  hinged  bottom. 


114 


MASONRY  AND  REINFORCED  CONCRETE  103 


Concrete  deposited  under*  water  must  be  disturl^d  as  little  as  pos- 
sible, and  in  tipping  a  bucket  the  material  is  apt  to  be  disturbed. 
Several  different  types  of  buckets  with  hinged  bottoms  have  been 
devised  to  open  automatically  when  the  place  for  depositing. the  con- 
crete has  been  reached.  In  one  type,  the  latches  which  fasten  the 
trap  doors  are  released  by  the  slackening  of  the  rope  when  the  bucket 
reaches  the  bottom,  and  the  doors  are  open  as  soon  as  the  bucket 
begins  to  ascend.  In  another  type,  in  which  the  handle  extends 
down  the  sides  of  the  bucket  to  the  bottom,  the  doors  are  opened 
by  the  handles  sliding  down  when  the  bucket  reaches  the  bottom. 
The  doors  are  hinged  to  the  sides  of  the  bucket,  and  when  opened 
permit  the  concrete  to  be  deposited  in  one  mass.  In  depositing 
concrete  by  this  means,  it  is  found  rather  diflScult  to  place  the  layers 
uniformly  and  to  prevent  the  formation  of  mounds. 

165.  Bags.  This  method  of  depositing  concrete  under  water 
is  by  means  of  open,  woven  bags  or  paper  bags,  two-thirds  to  three- 
(juarters  filled.  The  bags  are  sunk  in  the  water  and  placed  in  courses, 
if  possible,  header  and  stretcher  system,  arranging  each  course  as  laid. 
The  Imgging  is  close  enough  to  keep  the  cement  from  washing  out, 
and  at  the  ssime  time,  open  enough  to  allow  the  whole  to  unite  into 
a  c*ompact  mass.  The  fact  that  the  bags  are  crushed  into  irregular 
shapes  which  fit  into  each  other,  tends  to  lock  them  together  in  a 
way  which  makes  even  an  imperfect  joint  very  effective.  When  the 
c^oncrete  is  deposited  in  paper  bags,  the  water  quickly  soaks  the 
paper;  but  the  paper  retains  its  strength  long  enough  so  that  the 
concrete  can  be  deposited  properly. 

166.  Tubes.  The  third  method  of  depositing  concrete  under 
water  is  by  means  of  long  tubes,  4  to  14  inches  in  diameter.  The 
tubes  extend  from  the  surface  of  the  water  to  the  place  where  the 
concrete  is  to  be  deposited.  If  the  tube  is  small,  4  to  6  inches  in 
diameter,  a  cap  is  placed  over  the  bottom,  the  tulK*  filled  with  con- 
crete, and  lowered  to  the  bottom.  The  cap  is  then  withdrawn;  and 
as  fast  as  the  concrete  drops  out  of  the  l>ottom,  more  concrete  is  put 
in  at  the  top  of  the  tube,  and  there  is  thus  a  continuous  stream  of 
concrete  deposited. 

When  a  large  tube  is  used  to  de{X)sit  concrete  in  this  manner, 
it  will  be  too  heavy  to  handle  conveniently  if  filled  before  being 
lowered.     The  foot  of  the  tube  is  lowered  to  the  bottom,  and  the 
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water  rises  into  the  chute  to  the  same  level  as  that  outside;  and  in     .^to 
this  water  the  concrete  must  be  dumj)ed  until  the  water  is  wholM^  Aly 
replaced  orabsorlK^d  by  the  concrete.  This  has  a  tendency  toscjjara   -^eitc 
the  cement  from  the  siind  and  gravel,  and  will  take  a  yani  or  moi  ^cr^w 
concrc^te  to  displace  the  water  in  the  chute.     There  is  a  dangurr  th^  mDAi 

• 

this  amount  of  badly  washed  concrete  will  l)e  dej>osited  whenever  ""  *t 
is  necessary  to  charge  the  chute.  This  danger  occurs  not  only  whtiJ^^-^^-Ji 
the  charge  is  accidentally  lost,  but  whenever  the  work  is  bi*gun  in  tlX  ^"^ 
morning  or  at  any  other  time,  \\lienever  the  work  is  stopped,  tl'  I  ^"^ 
charge  must  Ik»  allowed  to  run  out,  or  it  would  set  in  the  tube.  Tt  X  '^^ 
tulx\s  arc*  usually  charged  by  means  of  wheelbarrows,  and  a  continue  ^^^' 
ous  flow  of  concrete  must  l)e  maintained.  \Mien  the  chute  has  becc:^''^" 
filled,  it  is  raised  slowly  from  the  lx)ttom,  allowing  a  part  of  the  coi  :^  ^"" 
Crete  to  nin  out  in  a  conical  heap  at  the  foot. 

This  method  has  also  l>een  used  for  grouting  stone.  In  thi:  -^^^'s 
cases  a  2-incli  pipe,  jx^rforated  at  the  lx)ttom,  was  used.  The  grou*"  •'^ 
on  account  of  its  great  spi^cific  gravity,  is  sufficient  to  replace  th*-^^"^*^ 
water  in  the  interstices  between  the  stones,  and  firmly  cement  thenC*™ 
into  a  mass  of  concrete.  A  mixture  of  one  part  cement  and  one  par^ — ^  ^^ 
sand  is  the  leanest  mixture  than  can  be  used  for  this  purpose,  as— ^=^^ 
there  is  a  great  tendency  for  the  cement  and  sand  to  separate. 

CLAY  PUDDLE 

Clay  puddle  consists  of  clay  and  sand  made  into  a  plastic  mas^-s-^^^^*^ 
with  water.  It  is  used  princi|)ally  to  fill  cofferdams,  and  for  makinjsJ^  ^^8 
embankments  and  reservoirs  water-tight. 

1()7.  Quality  of  Clay.  Opacjue  clays  with  a  dull  earthy  fnicturtv  ^^^^'^'^ 
of  an  argillaceous  nature,  which  are  greasy  to  the  touch,  and  whiclrl''^*" 
readily  form  a  plastic  paste  when  mixed  with  water,  are  the  lx*st  elavhs'^-i^-^r 
for  making  puddle.  Large  stones  should  be  remove<l  fmm  the  clay  ^V^  -•)'• 
and  it  should  also  hv  free  from  vegetable  matter.  Sufficient  ssluc^ M'Mind 
and  water  should  i)c  added  to  make  a  lumiogeneous  mass.  If  to^^r^zoo 
much  sand  is  used,  the  puddle  will  U'  |x*rmeable;  and  if  too  Httle  r  is 

used,  the  puddle  will  crack  by  shrinkage  in  drvnng.  It  is  very  impor  ^rw  mrt- 
ant  that  clay  for  making  puddle  should  show  great  cohesive  pow»"^.-^pr 
and  also  the  projxrty  of  retaining  water. 

A  siin|)Ie  test  to  find  the  cohesive  pro|X'rty,  can  easily  be  mati^^^rie. 
A  small  (luantitv  of  the  clav  is  mixed  with  water  and  made  into  a  rT=x)lI 
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about  1  inch  in  diameter  and  8  to  10  inches  long;  and  if,  on  being 

siispende<l  by  one  end  while  wet,  it  does  not  break,  the  cohesive 

strength  is  ample.    The  test  to  find  its  water-retaining  properties 

is  made  by  mixing  up  1  or  2  cubic  yards  of  the  clay  with  water,  making 

it  into  a  homogeneous  plastic  mass.     A  round  hole  is  made  in  the 

top  of  the  mass,  large  enough  to  hold  4  or  5  gallons  of  water.     The 

hole  is  filled  with  water,  and  the  top  covered  and  left  24  hours;  when 

the  cover  is  removed,  the  properties  of  the  clay  will  Ix?  indicated  by 

the  presence  or  absence  of  water. 

168.  Puddling.  The  clay  should  be  spread  in  layers  about  3 
inches  thick  and  w^ell  chopped  with  spades,  aided  l)y  the  addition  of 
sufficient  water  to  reduce  it  to  a  pasty  condition.  Water  should  be 
given  a  chance  to  pass  through  freely  as  the  clay  is  Ixiing  mixed.  The 
different  layers,  as  they  are  mixed,  should  Ijc  bonded  together  by 
the  spade  passing  through  the  upper  layer  into  the  under  layer.  The 
test  for  thorough  puddHng  is  that  the  spade  will  piiss  through  the 
layer  with  ease,  which  it  will  not  do  if  there  are  any  hanl  lumps. 

WTien  a  large  amount  of  puddle  is  required,  harrows  are  some- 
times used  instead  of  spades.  Each  layer  of  clay  is  thoroughly  har- 
rowinl,  aided  by  being  sprinkled  frt^ely  with  water,  and  is  then  rolled 
with  a  groove<l  roller  to  compact  it. 

Puddle,  when  finishetl,  should  not  Ik*  exposcHl  to  the  drying 
action  of  the  air,  but  covered  with  dry  clay  or  siind. 

FOUNDATIONS 

1()0.  It  would  l)e  impossible  to  over-i^mpluisize  the  importana* 
of  foundations,  lx*cause  the  very  fact  that  the  foundations  are  under- 
ground and  out  of  sight  detracts  from  the  consideration  that  many 
will  give  to  the  subject.  It  is  probably  true  that  a  yielding  of  the 
subsoil  is  responsible  for  a  very  large  proportion  of  the  structural 
failures  which  have  occurred.  It  is  also  true  that  manv  failures  of 
masonry,  especially  those  of  arches,  are  considered  as  failures  of  the 
superstructure,  because  of  breaks  occurring  in  the  masonry  of  the 
superstructure,  which  have  really  l)een  due,  however,  to  a  settlement 
of  the  foundations,  resulting  in  unexpected  stresses  in  the  supiT- 
stnicture.  It  is  also  tnie  that  the  design  of  foundations  is  one  which 
calLs  for  the  exercise  of  experience  and  broad  judgment,  to  Ix*  able 
to  interpret  correctly  such  indications  as  are  obtainable  as  to  the  real 
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character  of  the  subsoil  and  its  probable  resistana*  to  concentrat::::^^ 
pressim*. 

170.     Classification  of  Subsoil.    The  character  of  soil  on  whi     ^^^ 
it  may  Ix*  desired  to  place  a  structun*,  varies  all  the  way  from  tL     — "^ 
most  solid  rock  to  that  of  semi-fluid  soils  whose  density  is  but  litsr     tie 
greater  than  that  of  water.     The  gradation  between  these  extrcm-  ^cnes 
is  so  uniform  that  it  is  practically  impossible  to  draw  a  definite  litm   -■"^ 
lx»tween  any  two  grades.     It  is  convenient,  however,  to  group  suM   .*ib- 
soils  into  three  classes,  the  classification  being  base<l  on  the  methcc  '^  ^(1 
us(m1  in  making  the  foundation.     These  three*  classes  of  subsoils  ar^^  -*^* 
(a)  Firm;  (h)  Com pref<,sihle;  and  (c)  Semi- fluid, 

(a)  Finn  Sul),soiLs.  These  c*omprise  all  soils  which  are  s^-^  ^ 
firm,  at  least  at  some  n'asonably  convenient  depth,  that  no  treatmeiK  ^^"^ 
of  the  subsoil  or  any  other  special  method  nei*ds  to  l)e  adopttnl  U  "^  "* 
obtain  a  sufficiently  firm  foundation.  This,  of  c*ourse,  practicall;^»  v 
means  that  the  soil  is  so  firm  that  it  can  safelv  withstand  the  desin^^"^*^^ 

4- 

unit-prc\ssurt».  It  also  means  that  a  soil  which  might  l>e  classed  as-  ^^^ 
firm  soil  for  a  light  Iniilding  should  l)e  classinl  as  compressible  soi  ^^" 
for  a  nuich  heavicT  building.  It  frtHjuently  happens  thai  the  top  ^^^ 
la  vers  nnist  l)e  removed  from  nK*k  lx*caust*  the  surface  nx*k  ha.*^— "^^ 
iH'Come  disintcgnited  by  ex|)osure  to  the  atmosphere.  Nothinj^^-^ 
further  needs  to  1h^  done  to  a  subsoil  of  this  kind. 

(/;)  Com  press  ihlr  Suhsoih.  '^rhese  include  soils  which  might  Ix* 
considercMl  as  firm  soils  for  light  buildings  such  as  dwelling-houses, 
but  which  could  not  withstand  the  c(mcentrated  pressure  that 
would  Ik'  pnMJuced,  for  example,  by  the  piers  or  abutments  of  a 
l)ridge.  Such  soils  niav  1k»  made  sufficientlv  firm  bv  methods  de- 
scriU'd  later. 

{(')  Snni'Fhud  Suhsoils.  These  are  soils  such  as  are  frequently 
found  on  the  banks  or  in  the*  IhhIs  of  rivers,  which  are  so  soft  that 
they  cannot  sustain  without  settlement  even  the  load  of  a  house,  to 
say  nothing  of  a  heavier  structure.  Nor  can  they  l)e  materially 
improved  by  any  reasonable  nietluMl  of  compression.  The  only 
possible  method  of  placing  a  heavy  structure  in  such  a  locality, 
consists  in  sinking  some  sort  of  a  foundation  through  such  soft  soil 
until  it  reaches  and  is  sup[M)rted  by  a  firm  soil  or  by  nx'k,  which  may 
Ih'  iV)  or  even  100  feet  Ih'Iow  the  surface.  The  general  methods  of 
accomplishing  these  results  will  be  detailed  in  the  following  sections. 
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171.  Testing  the  Bearing  Power.  The  first  step  is  to  excavate 
tlie  surfacr  soil  to  the  depth  at  which  it  would  Ik*  convenient  to  placr 
the  foundation  and  at  which  the  soil  appears,  from  men*  inspection, 
to  Ix?  sufficiently  firm  for  the  purpose.  An  examination  of  the 
trenches  or  foundation  pits  with  a  post-auger  or  steel  bar  will  generally 
Ix*  sufficient  to  detennine  the  nature  of  the  soil  for  any  ordinary 
building.  The  depth  to  which  such  an  examination  can  l)e  made 
with  a  post-auger  or  steel  bar  will  depend  on  the  nature  of  the  soil. 
In  onlinary  soils  there  will  not  be  much  difficulty  in  extending  such  an 
examination  3  to  6  feet  below  the  bottom  of  the  foundation  pits.  In 
common  soils  or  clay,  l>orings  40  feet  deep  (or  even  deeper)  can  readily 
Ix*  made  with  a  common  wood-auger,  turned  by  men.  From  the 
samples  broOght  up  by  the  auger,  the  nature  of  the  soil  can  Ik*  deter- 
mined; but  nothing  of  the  compactness  of  the  soil  can  be  determined 
in  this  manner. 

In  onler  to  test  a  soil  to  find  its  compressive  value,  the  bottom 
of  the  pit  should  be  leveled  for  a  considerable  area,  and  stakes  should 
1h»  driven'at  short  intervals  in  each  direction.  The  elevations  of  the 
tops  of  all  the  stakes  should  be  very  accurately  taken  with  a  spirit 
l(*vel.  For  convenience,  all  stakes  should  Ik*  driven  to  th(*  snmv  level. 
A  mast  whose*  base  has  an  area  one  foot  square  can  suj)|K)rt  a  j)lat- 
form  which  may  l>e  loaded  with  several  tons  of  building  material, 
such  as  stone,  brick,  steel,  etc.  This  load  can  U*  balanced  with 
sufficient  closeness  so  that  some  very  light  guys  will  maintain  tli(» 
unstable  equilibrium  of  the  platform.  As  the  load  on  the  platform 
is  gn*atly  increased,  at  some  stage  it  will  Ik*  noted  that  the  mast  and 
platfonn  have  lK*gim  to  sink  slightly,  and  also  that  the  soil  in  a  circle 
around  the  base  of  the  mast  has  lK*gim  to  ri.s<'.  '^fhis  is  indicate*!! 
by  the  rising  of  the  tops  of  the  stakes.  Even  a  v(»ry  ordinary  soil 
may  require  a  load  of  five  or  six  tons  on  a  scjuare  foot  In^fon*  any 
yielding  wnll  Ikj  observable.  One  advantage*  of  this  nietluMl  lies  in 
the*  fact  that  the  larger  the  an*a  of  the  foundation,  the*  (jrcater  will  Ix* 
the  load  per  square  foot  which  may  1k^  siifely  carried,  and  that  the 
nnc(*rtainty  of  the  rt*sult  is  on  the  safe  side.  A  soil  which  might 
yield  under  -a  load  concentratc*d  on  a  mast  one  foot  scjuan*,  would 
prolxibly  be  safe  under  that  same  unit-load  on  a  continuous  footing 
which  was  perhaps  three  f(*(*t  wide*;  and  if,  in  addition,  a  factor  of 
safety  of  three  or  four  was  ust*d,  there  would  probably  Ik'  no  cjuestion 


119 


108  MASONRY  AND  REINFORCED  CONCRETE 


as  to  the  safety.  Such  a  test  nval  be  applies!  only  to  an  earthy  soil. 
It  would  Ixj  practically  impossible  to  pnxluce  a  yielding  by  such  a 
method  on  any  kind  of  rock  or  even  on  a  compacted  gravel. 

172.  Bearing  Power  of  Ordinary  Soils.  A  distinction  must  lx» 
maintained  lx»tween  the  crushing  strength  of  a  culxjof  n)ck  or  soil, 
and  the  Iwaring  power  of  that  soil  when  it  lies  as  a  mass  of  indefinite 
extent  under  some  structure.  A  soil  can  fail  only  by  being  actually 
displaced  by  the  load  above  it,  or  because  it  has  been  undermined, 
pcThaps  by  a  stream  of  water.  A  sample  of  rock  which  might  crush 
with  comparative  ease  when  tested  as  a  six-inch  culx*  in  a  testing 
machine,  will  probably  withstand  as  great  a  concentration  of  load 
as  it  is  practicable  to  put  upon  it  by  any  engineering  structure.  Even 
a  gravel  which  would  have  absolutely  no  strength  if  it  w^ere  attempted 
to  place  a  culx?  of  it  in  a  testing  machine,  will  Ix?  pnictically 
immovable  when  Ijing  in  a  pit  where  it  is  confined  laterally  in  all 
din»ctions. 

173.  Rock.  The  ultimate  cnishing  strength  of  stone  varies 
greatly.  The  crushing  stR^ngth  is  usually  determinc^l  by  making 
tests  on  small  cul)t\s.  Tests  made  on  prisms  of  a  less  height  than 
width  show  a  much  gn\ater  strength  than  tests  made  on  culies  of  the 
same  mateiyal,  which  shows  that  the  Ix^aring  strength  of  rock  on 
which  foundations  an^  built  is  much  greater  than  the  cul)es  of 
this  stone.  In  Table  I,  Part  I,  the  lowest  value  given  for  the 
crushing  strength  of  a  cul)e  is  2,S04  pounds  per  S(|uart»  inch,  which 
is  e(|ual  to  41(),7.*>()  jkhuuIs  jxt  square*  foot.  This  shows  that  any 
onlinarv  stone  which  is  well  iniln^dded  will  carrv  anv  load  of  masonrv 
placed  on  it. 

174.  Sand  and  Ciravcl.  Sand  and  gravel  are  often  found  to- 
getluM*.  Ciravcl  alone,  when  of  suiHcient  thickness,  makes  one  of  the 
firmest  and  Invst  foundations.  Dry  sand  or  wet  sand,  when  pn*- 
vented  from  spreading  laterally,  forms  one  of  the  lx\st  IxmIs  for  foun- 
dations; but  it  must  1h'  well  protected  from  running  water,  as  it  is 
easily  moved  by  scouring.  Clean,  dry  sand  will  safely  support  a  load 
of  3,0()()  to  S,0()()  pounds  jxt  s(juare  foot;  and  when  compact  and  well 
cemt^nted,  from  S.CMK)  to  1  (),()()()  pounds  piT  square  foot.  Ordinary 
gravel  W(4I  InMlded  will  safely  bear  a  load  of  (),(KK)  to  S,000  j>oun<ls 
|)er  scpiarc  foot;  and  when  well  eemt^nted,  from  12,(KK)  to  1(),(KK) 
pounds  [wr  stjuare  foot. 
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175.  Clay.     There  is  great  variation  in  clay  soils,  ranging  from 
a  very  soft  mass  which  uill  squeeze  out  in  all  directions  when  a  very 
small  pressure  is  applied,  to  shale  or  slate  which  will  support  a  very 
heavy  load.     As  the  bearing  capacity  of  ordinary  clay  is  largely 
dependent  upon  its  dryness,  it  is  therefore  very  important  that  a 
clav  soil  should  be  well  drained,  and  that  a  foundation  laid  on  such  a 
soil  should  be  at  a  sufficient  depth  to  be  unaffected  by  the  weather. 
If  the  clay  cannot  be  easily  drained,  means  should  be  taken  to  prevent 
the  penetration  of  water.     When  the  strata  are  not  horizontal,  great 
care  must  be  taken  to  prevent  the  flow  of  the  soil  under  pressure. 
WTien  gravel  or  coarse  sand  is  mixed  with  the  clay,  the  bearing  capac- 
ity of  the  soil  is  greatly  increased. 

The  bearing  capacity  of  a  soft  clay  is  from  2,000  to  4,000  pounds 
per  square  foot;  of  a  thick  bed  of  medium  dry  clay,  4,000  to  8,000 
pounds  per  square  foot,  and  for  a  thick  bed  of  dry  clay,  8,000  to  10,000 
pounds  per  square  foot. 

176.  Soft  or  Semi^Liquid  Soils,  The  soils  of  this  class  include 
mud,  silt,  quicksand,  etc.,  and  it  is  necessary  to  remove  them  entirely 
or  to  reach  a  more  solid  stratum  under  the  softer  soil;  or  sometimes 
the  soil  can  be  consolidated  by  adding  sand,  stone,  etc.  The  manner 
of  improving  such  a  soil  will  be  discussed  later.  In  the  same  way 
that  water  will  bear  up  a  boat,  a  semi-liquid  soil  will  support,  by  the 
upwanl  pressure,  a  heavy  structure.  For  a  soil  of  this  kind,  it  is  very 
difficult  to  give  a  safe  bearing  value;  perhaps  500  to  1,500  |X)unds 
pc*r  square  foot  is  as  much  as  can  l)c  supported  without  too  great  a 
settlement. 

177.  Improving  a  Compressible  Soil.  The  general  method  of 
doing  this  consists  in  making  the^soil  more  dense.  This  may  be 
done  by  driving  a  large  numlx3r  of  piles  into  the  soil,  es[)ccially  if  the 
piles  will  be  always  under  the  water  line  in  that  ground.  Driving 
the  piles  compresses  the  soil;  and  if  the  piles  are  always  under  water, 
they  will  be  free  from  decay.  If  the  soil  is  sufficiently  firm  so  that 
the  pile  can  be  withdrawn  and  the  hole  will  retain  its  formev(»n  tem- 
porarily, it  is  better  to  draw  the  pile  and  then  immediately  fill  the 
hole  with  sand,  which  is  rammed  into  the  hole  as  compactly  as  jk)s- 
sible.     This  gives  us  a  type  of  piling  knoAvii  as  sand  piks. 

A  soft,  clayey  subsoil  may  frequently  be  improved  by  covering  it 
with  gravel,  which  is  rammed  and  pressed  into  the  clay.     Such  a 
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ili-vii-)'  U  not  viTv  ctTif-livc-,  imt  it  niiiv  .si>ii»-timi>s  In-  siifficifiitly 
rffcctivf  fitr  its  |iiir]iits<'. 

A  Milisfiil  i>  iififu  vcrv  scift  1m-('>iiisc  il  is  siiliiRittil  willi  watt-r 
wliicli  ciniiini  n-ailik  csc-aiK'.  Fnf)iiciitK- a  system  of  difp  dniiiia^' 
which  will  iv.iii»i'  the  natural  lew!  nf  tUi-  (imtind-wutiT  t-onsiWcnihly 
U-low  till'  ih-iirci)  <l<-|>th  »f  the  lM>t(om  of  tho  fonmlatioii,  will  tRiiis- 
furni  till'  sniisiiil  into  a  ilrv,  iini)  sciil  which  is  amply  Mmiifr  for  iu 
|iiiq>i«4-.  Kvcii  when  the  snlistiil  is  wry  s<ift,  it  will  .sustain  n  h 
Inail.  ]in>viilc<l  that  il  <-iin  U'  ctinKiml.  Wliilc  excavating  For  I 
fiiiinilatioiis  of  the  tower  cif  Trinity  Clnin-Ii  in  New  York  Cil 
lar^-  ]KH-ket  of  (inick.-^iiiKl  was  discovenil  tlircctly  nncW  the  pm|io 
tower.  <  )wiii{:  to  the  volume  of  the  rjiticksniul,  it  was-fuiinil  to  b»iA 
ini]inieiieal>1e  to  ciniiii  it  all  out;  hut  it  was  al.so  tlincnvenil  lliut  tbe 
i|iiieksanil  was  eoiifino)  n-ithiu  a  jxH-kel  of  firm  .sitil.  A  thick  layii( 
of  ciincn-te  wai  llieii  laiil  acniss  the  top,  which  <-fr<r<>tivf>ly  waled  !» 
till'  iMH'ket  of  i|iiii'ks;ini),  mill  the  n-siilt  has  Ixt-n  jterfci-tly  sat- 
i^fiiitory. 

17s.  Pfx'parinjt  the  Bed  on  Rock.  The  prppamtion  of  a  i 
Im'i]  on  wliieh  a  rniitnliiiion  is  to  lie  placed,  i.s  a  .simple  matter  com- 
jtiiri'd  with  tliat  ni|iiinil  fur  .some  .soils  on  which  foundations  air 
[ilaccil.  The  Uil-riM-k  is  pn'iianil  \>y  cnttiii};  away  the  Inosp  and 
ilemyi-il  iMiriiiiii-:  of  ilie  riH-k  ami  inakiii);  the  plane  on  which  the 
fijiiiiiliilioii  is  j>|jic<'il  jK-riti-iKiieiilur  to  the  din-rtion  of  the  prcssiirr. 
It'  (lie  nxk  lieil  is  an  iiiclineil  [ilaiic,  a  seri<'s  of  ste|>se]Ui  l>e  made  for 
till-  sii]i|)..ri  of  [he  foiiiidalioii.  .\iiy  (issnres  in  the  n>ek  .shoiikl  Ijc 
filled  Willi  n.iirivie. 

Wliiiievev  it  is  iii<-i-i-ii(ry  lo  start  tlie  fiuiinlation  of  n  stnictiirp  at 
diU'en'iit  levels,  crreal  <an'  is  retjiiin-il  1"  pn-veiit  n  lireak  in  the  joints 
al  llie  sleppiiij:  ]ila<\'s.  The  precautions  to  N'  taken  nn^  that  the 
ijiiirlar-joitii'^  mnsi  lie  ki-pt  as  tliin  as  |)ossilile;  the  lower  |>art  of  the 
I'uniidaliniis  should  Ih-  laid  in  <'eine]it  inortar;  ami  the  work  shonkl 
jiifM-iid  slowly,  lly  t'ollowiii^  ihesf  jiveeaiitions,  the  .setllcmeiit  in 
the  lower  ])iirt  will  Iw  rediK-id  In  a  Tiiiiiiiniiiti.  These  pnttiiitiona 
apply  |..f.u;n.iations  of  all  eJassi-s. 

1711,  1^-parinK  the  Ited  on  Firm  Harth.  I'luler  (Iii.s  headiiift  in 
iiiehiileil  liani  elay.  <;i-iivet.  ami  clean,  dry  sand.  The  Ik-'I  is  ])n-|>iintl 
liydij^'iu^'a  tii-iieli  deepenoii<:li  s<>  that  (lie  l>ot1oiii  of  the  foundation 
i.S  Ih'Iow  the  frost  line,  which  is  usually  :!  to  li  feet  In-Iow  the  stirf.nee. 
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Some  prcivisicni,  similar  to  that  shown  in  Kig.  3S;,  shoiilil  Ih'  muili- 1 
driiiiiai^'. 

(Vn-  shiHiltl  1)0  taken  to  {)n»[Kirtiori  thr  li>!i<i  ]kt  unit  of  an-a 
that  tht;  settlement  of  the  foimihi- 
tion  will  Ik-  iiiilform. 

l.-^O.  Preparing  the  Bed  on 
Wet  Ground.  'I'hc  eliicf  trouhle 
ill  making  an  excavation  in  wet 
gTfuiml,  is  in  disposing  <if  the 
water  anti  preventing  tht  wet  soil 
tn)m  flowing  into  the  excavation. 
In  m<xlerately  wet  soils,  the  area 
to  Ih'  excavate*!  is  enclosed  with 
sheet  piling  (see  Fig.  30).  'lliis 
piling  u.snally  consists  of  onlinary 
plank  2  inches  thick  and  C  to  111 


Fig.  3»-    prii1ni»K<' of  Foiin 


Cross  Braces 
z  Plonk 


6"-6"- 


Fig.  3»,    Sheet  Piling;  111  F<iiiii^:ktlot 


inches  wide,  and  is  often  driven  ^^ 
hy  hand;  or  it  may  be  driven  by 
methods  that  will  be  described 
later.  The  piling  is  driven  in 
close  contact,  and  in  very  wet 
soil  it  is  necessary  to  drive  a 
double  row  of  the  sheeting.  To 
prevent  the  sheeting  from  being 
forced  inwanls,  cross-braces  are 
used  between  the  longitudinal 
timbers.  When  one  length  of 
sheeting  is  not  long  enough,  an 
additional  length  can  be  placed 
inside.  A  more  extended  discus- 
sion of  pile-driving  will  be  given 
in  the  treatment  of  (he  subject  <if 
"Piles." 

The   water   can   sometimes 
l»c  l)aile<l  out,  but  it  is  generally 

necessarj'  to  use  a  hand  or  steam  pump  to  free  the  exeavuliim  nf 
water.  Quicksand  and  very  .soft  mud  arc  often  puiniK-d  out  along 
with  the  water  Ity  a  centrifugal  or  mud  pump. 
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Sometimes  areas  are  excavat(Ml  by  draining  the  water  into  a  hole 
the  bottom  of  whieh  is  always  kept  lower  than  the  genenil  level  of 
bottom  of  the  excavation.  A  pnmp  may  Ix*  ustnl  to  (lisjKJst^  of  the 
water  drained  into  the  hole  or  holes. 

When  a  very  soft  soil  extends  to  a  depth  of  several  fc*et,  piles  are 
usually  driven  at  uniform  distances  over  the  area,  and  a  grilla^»  is 
eonstrueted  on  top  of  tlu*  piles.  This  method  of  constructing  a 
foundation  is  discussed  in  the  si»ction  on  "Piles." 

ISl .     Footings.    The  threat*  requirements  of  a  footing  course  an* : 

(I)     That  tho  aroa  shall  bo  such  that  the  total  load  <livicio«l  by  the  an'a 
shall  not  1m*  jjcrcaler  than  the  allowable  unit-pressure  on  the  subsoil. 

{2)     That  the  line  of  pressure  of  the  wall  (or  pier)  shall  be  directly,  over 
the  center  of  gravity  (and  hence  the  center  of  upward  pressure)  of  the  base  of 

the  footings. 

(li)  That  the  footing  sliall  hav<* 
sufficient  structural  strengtli  so  that 
it  can  distribute  the  load  uniformly 
over  the  subsoil. 

When  it  has  been  deter- 
mined with  sufficient  accuracy 
how  much  pressure  per  sc|uan' 
foot  mav  l)e  allowed  on  the  sul)- 
soil  (see  sections  172-170),  and 
when  the  total  loaxl  of  the  stnie- 
tun*  has  bc*en  computed,  it  is  a 
very  simple  matter  to  compute 
the  7vi(lfh  of  continuous  f(H>tings 
or    the   area  of  colunni   footings. 

The  second  nHjuirement  is  very  easily  fulfilled  when  it  is  possible 
to  spread  the  footings  in  all  directions  as  desircil,  as  shown  in  Fig.  43. 
A  conunon  exception  occurs  wIkmi  putting  up  a  building  which  entirely 
covers  the  width  of  the  lot.  Th(»  walls  an*  on  the  building  line;  the 
footings  can  expand  inward  only.  The  lines  of  prt\ssun.»  do  not  co- 
incide, as  shown  in  Fig.  40.  A  construction  as  shown  in  the  figure  will 
almost  inevitably  result  in  cracks  in  the  building,  unless  some  spt*cial 
device  is  adoptc^l  to  prev(Mit  them.  One  general  meth(Kl  is  to  intro<luct* 
a  tie  of  suflicient  stn^ngth  from  a  to  h.  The  other  general  method 
is  to  introduce  cantilever  beams  under  the  basement,  which  either 
extend  clear  across  the  building  or  else  carry  the  load  of  interior 


Fig.  40.    (.'onstriu'tiou  wIh'ii'  LiiU's  of  Down- 
ward and  t'pward  Pressure  on  Pont- 
Inirsdo  not.  (.'oinfUlo. 
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columns  so  that  the  center  of  gravity  of  the  ccjmhined  loads  will 
coincide  with  the  central  pressure  line  of  the  upward  pressure  of  the 
footings. 

The  third  requirement  practically  means  that  the  thickness  of 
the  footing  (6c,  Fig.  41)  shall  be  great  enough  so  that  the  footing  can 
resist  the  transverse  stresses  caused  by  the  pressure  of  the  subsoil  on 
the  area  between  c  and  d.  \Vhen  the  thickness  must  be  made  very  great 
(such  as  fh.  Fig.  42),  on  account  of  the  wide  offset  gh,  material  may 
be  saved  by  cutting  out  the  rectangle  ekml.  The  thickness  m  o  is 
computed  for  the  offset  g  o,  just  as  in  the  first  case;  while  the  thick- 
ness k  VI  of  the  second  layer  may  be  computed  from  the  offset  k  f. 
Where  the  footings  are  made  of  stone  or  of  plain   concrete,  whose 
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Fig.  41.    Transverse  Stresses  in  Footing 
Determining  Its  Thickness. 


Fig.  42.    Saving  of  Material  in  Very  Thick 

Footing. 


transverse  strength  is  always  low,  the  offsets  are  necessarily  small; 
but  when  using  timber,  reinforced  concrete,  or  steel  I-l)eams,  the 
offsets  may  be  very  wide  in  comparison  with  the  depth  of  the  footing. 
182.  Calculation  of  Footings.  The  method  of  calculation  is  to 
consider  the  offset  of  the  footing  as  an  inverted  cantilever  which  is 
loafled  with  the  calculated  upward  pressure  of  the  subsoil  against  the 
footing.  If  Fig.  41  is  turned  upside  down,  the  resemblance  to  the 
ordinary  loaded  cantilever  will  be  more  readily  apparent.  Consider- 
ing a  unit-length  (/)  of  the  wall  and  the  amount  of  the  offset  o  ( =  dc  in 
Fig.  41),  and  calling  P  the  unit-pressure  from  the  sul)soil,  we  have 
P  o  Z  as  the  pressure  on  that  area,  and  its  lever-arm  about  the  point  c 
is  i  o.  Therefore  its  moment  =  \P(P  L  It  t  represents  the  thick- 
ness 6  c  of  the  footing,  the  moment  of  resistance  of  that  section 
=  i  mf,  in  which  R  =  the  unit-compression  (or  unit-tension)  in  the 
section.     We  therefore  have  the  equation: 
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By  tniiiispoiiitioii, 

■i^w^<^M (2) 

The  fraction  -  is  the  ratio  of  the  ofFset  to  its  thickness.    The  solution 

of  the  alKive  equation,  using  whiit  arc  considered  to  Ix"  consen-atively 
safe  values  for  It  for  various  grades  of  stone  and  concrete,  is  given 
in  Taijle  XII. 

TABLE  XII 
Ratio  of  Offset  to  Thickness  for  Footinzs  of  Various  Kinds  of  AfASonry 


„„„„.,„„„, 

.iffi=.. 

3 
< 

Cranitp 

1,200-1,305 

1,280 

LinioKlonc 

450-    !I0<) 

C75 

Kan.lHlono 

135-1.100 

52.') 

Conrrptp  (plain; 

1:2:4 

400-    480 

440 

1::(:C 

2i:i-    240 

2:to 

(Tdiu  per  SquRW  Koo 


I   3.0      3  5 


0.8    0.750,G5 


0.95  0  86  0,7.5 
0  7  1(1  6  0.55 


1S.1.  Example  Thp  load  on  a  wall  has  been  computed  as  19,000 
jKiunilH  prr  running  font  of  the  wall,  which  has  a  thickness  of  l.S  inches  just 
above  the  fnoting.  What  must  be  the  breadth  and  thickness  of  granite  slabs 
which  may  be  iiKcd  an  a  fontinf;  on  soil  which  la  estimated  to  bear  safely  a 
loud  of  2.0  tuns  per  square  foot? 

Solution.     Dividing  the  compnleil  load  (19,000)  by  the  allow- 

al)le  unit-pre.s.snre  (2.0  tons  =  4,(KX)  pounds),  we  have  4,75  feet  as 

the  recjuired  width  of  the  footing. 

J  (4-7.';  -  1,5)  =  I  02.')  feet,  the  breadth  of  the  offset  (6). 

Fmm  the  table  we  find  that  for  a  subsoil  loading  of  2.0  tons  per  square 

f(Ktt,  the  offset  for  granite  may  be  1.25  times  its  thickness.     Thero 

1  025 
fore,  --,".-=  1. 30  feet  =  15.0  inches,  is  the  required  thickness  of 

the  f(H)ting. 

The  computation  of  the  dimensions  of  .such  footings  when  they 
are  made  of  reinforced  concrete  is  taken  up  during  the  development 
of  this  specialized  form  of  Masonry  in  Part  III. 

AUhoiigh  brick  can  be  used  as  a  footing  course,  the  maximum 
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possible  offset  (no  matter  how  strong  the  brick  may  Ik*)  can  only  be 
a  small  part  of  the  length  of  the  brick — the  brick  Ix'ing  laid  perpen- 
dicular to  the  wall.  One  requirement  of  a  footing  course  is  that  the 
blocks  shall  be  so  large  that  they  will  equalize  possible  variations  in 
the  density  and  compressibility  of  the  subsoil.  This  cannot  l)e  done 
by  bricks  or  small  stones.  Their  use  should  therefore  be  avoided  in 
footing  courses. 

184.  Beam  Footings.  Steel,  and  even  wood,  in  the  form  of 
beams,  are  used  to  construct  very  wide  oflFsets.  This  is  j)ossil)le  on 
account  of  their  greater  transverse  strength.  The  general  method 
of  calculation  is  identical  with  that  given  above,  the  only  differt^nce 
being  that  beams  of  definite  transverse  strength  are  so  spaced  that 
one  beam  can  safely  resist  the  moment  developed  in  the  footing  in 
that  length  of  wall.  Wood  can  he  used  only  when  it  will  \k'  always 
under  water.  Steel  beams  should  always  Ik»  surrounded  l)y  concrt^tc 
for  pn)tection  from  corrosion. 

If  we  call  the  spacing  of  the  l)eams  s,  the  length  of  the  ofTs(»t  o, 
the  unit-prcssurt*  from  the  subsoil  P,  the  moment  acting  on  one  Ixam 
=  \  P(P  s.  Calling  w  the  width  of  the  beam,  /  its  thickness  or  depth, 
and  R  the  maximum  permissible  fibre  strtvss,  th(»  maxiniiun  jXTinissible 
moment  =  ^  Rwf.  Placing  these  quantities  ecjual,  we  have  the 
e<|uation: 

iPo^'8  ^  IRwt- (3) 

Having  decided  on  the  si/x*  of  the  lx»am,  the  riMjuired  spacing  may  Ih» 
determineil. 

185.  Example.     An  18-inch  brick  wall  carryinj^  a  load  of  12,000  pounds 

|x?r  running  foot,  is  to  be  placed  on  a  soft,  wet  soil  where  the  unit-pressure 
cannot  be  relied  on  for  more  than  one-half  a  ton  per  square  foot.  What  must 
be  the  spacing  of  10  by  12-inch  footing  timbers  of  long-leaf  yellow  pine? 

Solution.    The  width  of  the  footing  is  evidently  12,00()  ^  1,(KK) 

-  12  fi^et.    The  offset  o  wiuals  \  (12  -  1.5)  =  5.2.')  feet  =  03  inches. 

Since  the  unit  of  measurement  for  computing  the  tnmsverst*  strength 

is  the  inch,  the  same  unit  must  l)e  employtnl  throughout.    Therefore 

1  000 
P=    *         ;  R  =  1,200  i)ounds  jx*r  square  inch;  lo  =  10  inches;  and 
144 

i  =  \2  inches.     Equation  (3)  may  l)e  rewritten : 

R  w  0 

K  -    - 

-J      f  i  '  • 

6  i    (}' 
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Substituting  the  above  values,  we  have: 

.=  _L200XllXiii_^  20.9  inches. 

3  X   J^  X  3,969 
144 

This  shows  that  the  beams  must  be  spaced  20.9  inches  apart,  center 
to  center,  or  with  a  clear  space  between  them  but  little  more  than 
their  width.  Under  the  above  conditions,  the  plan  would  probably 
be  inadvisable,  unless  timber  were  abnormally  cheap  and  no  other 
method  seemed  practicable. 

186.  Steel  I-Beam  Footings.  The  method  of  calculation  is  the 
same  as  for  wooden  beams,  except  that,  since  the  strength  of  I-beams 
is  not  readily  computable  except  by  reference  to  tables  in  the  hand- 
books published  by  the  manufacturers,  such  tables  will  be  utilized. 
The  tables  always  give  the  safe  load  which  may  be  carried  on  an 
I-beam  of  given  dimensions  on  any  one  of  a  series  of  spans  varjring 
by  single  feet.  If  we  call  W  the  total  load  (or  upward  pressure)  to 
be  resisted  by  a  single  cantilever  beam,  this  will  be  one-fourth  of  the 
load  which  can  safely  be  carried  by  a  beam  of  the  same  size  and  on  a 
span  equal  to  the  offset. 

187.  Example.  Solve  the  previous  example  on  the  basis  of  using 
steel  I-beams. 

The  offset  is  necessarily  5  feet  3  inches;  at  1,000  pounds  per 
square  foot,  the  pressure  to  be  carried  by  the  beams  is  5,250  pounds 
for  each  foot  of  length  of  the  wall.  By  reference  to  the  tables  and 
interpolating,  an  8-inch  I-beam  weighing  17.75  pounds  per  linear 
foot  will  carry  about  28,880  pounds  on  a  5  foot  3  inch  span.  One- 
fourth  of  this  (or  7,220  pounds)  is  the  load  carried  by  a  cantilever  of 
that  length.  Therefore,  7,220  ^  5,250  =  1.375  feet  =16.5  inches, 
is  the  required  spacing  of  such  beams.  When  comparing  the  cost  of 
this  method  with  the  cost  of  others,  the  cost  of  the  masonry  concrete 
filling  must  not  be  overlooked. 

188.  Design  of  Pier  Footings.  The  above  designs  for  footings 
have  been  confined  solely  to  the  simplest  case  of  the  footing  required 
for  a  continuous  wall.  A  column  or  pier  must  be  supported  by  a 
footing  which  is  offset  from  the  column  in  all  four  directions.  It  is 
usually  made  square.  The  area  is  very  readily  obtained  by  dividing 
the  total  load  by  the  allowable  pr(\ssure  per  square  foot  on  the  soil. 
The  quotient  is  the  refjuircd  numluT  of  scjuare  feet  in  the  area  of  the 
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footing.  If  a  square  footing  is  permissible  (and  it  is  usually  prefer- 
able), the  square  root  of  that  number  gives  the  length  of  one  side  of 
the  footing.  Special  circumstances  frequently  re(|uire  a  rectangular 
footing  or  even  one  of  special  shape.  The  problem  of  designing  a 
footing  so  that  the  center  of  pressure  of  the  load  on  a  column  shall  be 
vertical  over  the  center  of  pressure  of  the  subsoil,  is  usually  even 
more  complicated 
than  the  problem 
referred  to  in  sec- 
tion 1S9.  A  col- 
umn placed  at  the 
comer  of  a  build- 
ing which  is  lo- 
cated at  the  ex- 
treme corner  of 
the  property  and 
which  cannot  ex- 
tend over  the  prop- 
erty line,  must 
usually  be  sup- 
ported by  a  canti- 
lever (or  by  two  of 
them  at  right  an- 
gles), balanced  at 
the  other  end  by 
the  load  on  an- 
other pier  or  col- 
umn. While  the 
general  principle 
involved  in  such 
methods  of  construction  is  very  simple,  a  correct  solution  often 
requires  the  exercise  of  considerable  ingenuity. 

The  determination  of  the  thickness  of  such  a  footing  depend."; 
somewhat  upon  the  metliod  used.  When  the  grillage  is  constructed 
of  I-bcams  as  illustrated  in  Fig.  43,  the  refjuired  strcnglh  of  each 
series  of  beams  is  readily  computed  from  the  offset  of  each  laj"er. 
If  the  fooling  consists  of  a  single  block  of  stone  or  a  plate  of  concrete, 
either  plain  or  reinforced,  the  thickness  must  Ih'  enmputed  on  the 


Fig.  43.    GrlJJ.iEe  <>[  I-Ileams. 
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basis  of  the  mechanics  of  a  plate  loaded  on  one  side  with  a 
uniformly  distributed  load  and  on  the  other  side  with  a  load  which 
is  practically  concentrated  in  the  center.  The  theory  of  the  stresses 
in  such  a  plate  is  very  complicated.  It  is  usually  considered  safe 
to  design  the  footing  in  each  direction  on  the  basis  of  one-half 
the  actual  loading. 

189.  Example.  A  column  3  feet  4  inches  square,  canying  a  total  load 
of  630,000  pounds,  is  to  be  supported  on  a  soil  on  which  the  permissible 
loading  is  estimated  as  three  tons  per  square  foot;  an  I-beam  footing  is  to  be 
used.     Required,  the  design  of  the  I-beams. 

Solution,  The  required  area  of  the  footing  is  e\ndently  630,000 
-r  G,000  =  105  square  feet.  Using  a  footing  similar  to  that  illus- 
trated in  Fig.  43,  we  shall  make  the  lower  layer  of  the  footing,  say 
10  feet  6  inches  by  10  feet  wide.  The  length  of  the  beams  being  126 
inches,  and  the  column  being  40  inches  square,  the  oflFset  from  the 
column  is  43  inches  (=  3.5S  feet)  on  each  side.  Looking  at  a  table 
of  standard  I-beams,  we  find  that  an  8-inch  beam  weighing  17.75 
pounds  per  linear  foot  will  carry  37,920  pounds  on  a  span  of  four  feet. 

4  00 
For  a  span  of  3 .  58  feet,  the  allowable  load  is  -'  -  X  37,920,  or  42,368 

pounds.  Taking  one-fourth  of  this,  as  in  the  example  in  section  187, 
we  have  10,592  pounds  which  may  be  carried  by  each  beam  acting  as 
a  cantilever.  The  upward  pressure  on  an  oflFset  3.58  feet  long  and  1 
foot  wide,  at  the  rate  of  6,000  pounds  per  square  foot,  would  be 
21,500  pounds.  Therefore,  if  two  S-inch  beams  were  placed  in  each 
foot  of  width,  they  would  carry  the  pressure.  Therefore  20  such 
beams,  each  10  fret  0  inches  lon^,  would  lx»  required  in  the  lower 
layer.  The  upper  layer  must  consist  of  beams  10  feet  long  on  w^hich 
the  oflFset  from  the  pier  is  40  inches  on  each  side.  The  group  of 
lx?ams  under  each  of  these  upjx^r  oflFsets  carries  an  upward  pressure 
of  0,(K)0  jxHinds  piT  scjuare  foot  on  an  area  10  feet  6  inches  by  3  feet 
4  inches;  total  pressure,  210,000  pounds.  The  total  load  on  each  foot 
of  width  of  the  upjXT  hiyer  is  G3,(X)0  pounds.  Looking  at  the  tables, 
a  12-inch  I-beam  weighing  40  [)ounds  jxt  foot  can  carry  a  load,  on  a 
10-foot  span,  of  43,720  pounds.  The  jxTmissible  load  on  a  cantilever 
of  this  len<;th  would  Ix'  one-fourth  of  this,  or  10,930  pounds.  The 
permissible  load  on  a  cantilever  3  feet  1  inches  long  will  be  in  the  ratio 
of  10  feet  to  3  feet  4  inches,  or,  in  this  case,  exactly  three  times  as 
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much,  which  would  be  32,790  pounds.  If,  therefore,  such  beams  are 
placed  6  inches  apart,  their  strength  would  be  slightly  in  excess  of 
that  required.  Or,  as  a  numerical  check,  the  total  of  210,000  pounds, 
divided  by  32,790,  will  show  that  although  seven  such  beams  will  have 
a  somewhat  excessive  strength,  six  would  be  hardly  sufficient;  there- 
fore seven  beams  should  be  used.  It  should  not  be  forgotten  that 
surrounding  all  these  beams  in  both  layers  with  concrete  adds  very 
largely  to  the  strength  of  the  whole  footing,  but  that  no  allowance  is 
made  for  this  additional  strength  in  computing  dimensions.  It 
merely  adds  an  indefinite  amount  to  the  factor  of  safety. 

PILE  FOUNDATIONS 

190.  Piles.  The  term  pile  is  generally  understood  to  be  a  stick 
of  timber  driven  in  the  ground  to  support  a  structure.  This  stick  of 
timber  is  generally  thought  of  as  the  body  of  a  small  tree;  but  timber 
in  many  shapes  is  used  for  piling.  Sheet  piling,  for  example,  is  gen- 
erally much  wider  than  thick.  Cast  iron  and  wrought  iron  have  also 
been  used  for  all  forms  of  piling.  Structural  steel  has  also  been 
used  for  this  purpose.  Within  the  last  few  years,  concrete  and 
reinforced  concrete  piles  have  been  used  quite  extensively  in  place  of 
wood  piles. 

191.  Cast-iron  Piles.  Cast-iron  piles  have  been  used  to  some 
extent.  The  advantages  claimed  for  these  piles  are  that  they  are 
not  subject  to  decay;  they  are  more  readily  driven  than  wooden  piles 
in  stiflF  clays  or  stony  ground ;  and  they  have  a  greater  crushing  strength 
than  wooden  piles.  The  latter  quality  will  apply  only  when  the  pile 
acts  as  a  column.  The  greatest  objection  to  these  piles  is  that  they 
are  deficient  in  transverse  strength  to  resist  sudden  blows.  This 
objection  applies  only  in  handling  them  before  they  are  driven,  and 
to  those  which,  after  being  driven,  are  exposed  to  blows  from  ice  and 
logs,  etc.  When  driving  cast-iron  piles,  a  block  of  wood  is  placed  on 
top  of  the  pile  to  receive  the  blow;  and,  after  being  driven,  a  cap  with 
a  socket  in  its  lower  side  is  placed  upon  the  pile  to  receive  the  load. 
Generally  lugs  or  flanges  are  cast  on  the  sides  of  the  piles,  to  which 
bracing  may  be  attached  for  fastening  them  in  place. 

192.  Steel  Sections.  Structural  sivv\  sections,  as  well  as  many 
special  sections,  are  being  used  for  piling.  This  form  of  piling  is 
generally  used  for  dams,  cofferdams,  or  locks,  and  seklom  or  never 
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used  as  bearing  piles.     Fig.  44  illustrates  some  of  these  sections  of 
piling. 

193.  Screw  Piles.  This  term  refers  to  a  type  of  metal  pile  .whose 
use  is  limited,  but  which  is  apparently  very  effective  where  it  has 
been  used.     It  consists  essentially  of  a  steel  shaft,  3  to  8  inches  in 

diameter,    strong    enough    to 
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act  as  a  column,  and  ako  to 
withstand  the  twisting  to 
which  it  is  subjected  while 
the  pile  is  being  sunk  (see  Fig. 
45).  At  the  lower  end  of  the 
shaft  is'  a  helicoidal  surface 
having  a  diameter  of  perhaps 
five  feet.  Such  piles  can  be 
used  only  in  comparatively 
soft  soil,  and  their  use  is  prac- 
tically confined  to  foundations 
in  sandbanks  on  the  shore  of 
the  ocean.  To  sink  such  piles, 
they  are  screwed  into  place  by 
turning  the  vertical  shaft  with 
a  long  lever.  Such  a  sinking 
is  usually  assisted  by  a  water- 
jet,  as  will  be  described  later. 
194.  Disc  Piles.  A  varia- 
tion of  the  screw  pile  is  the 
disc  pile  (Fig.  40),  which,  as  its  name  implies,  has  a  circular  disc 
in  place  of  a  helicoidal  surface.  Such  a  pile  can  be  sunk  only  by 
use  of  a  water-jet,  the  pile  being  heavily  loaded  so  that  it  shall 
be  forced  down. 

195.  Sheet  Piles.  Ordinary  planks,  two  or  more  inches  thick, 
and  wider  than  they  are  thick,  are,  when  driven  clcxse  together,  known 
as  skeci  piling.  The  leakage  between  the  piles  may  l)e  very  materially 
diminished  by  using  piles  which  interlock  with  each  other  instead 
of  making  merely  a  butt  joint.  (See  Fig.  47.)  The  simplest  form  is 
the  ordinary  tongue-and-groove  joint  similar  to  that  of  matched 
boarding.  A  development  of  this  in  tinil)er  sheet  piling  is  a  eomhira- 
tion  of  three  planks  which  are  so  bolted  together  as  to  make  a  large- 


Sprinq   Lock 
Fig.  M.    Types  of  Shoot-Steel  Piling. 


132 


MASONRY  AND  REINFORCED  CONCRETE 


121 


scale  tongue  and  groove  on  each  side.  The  increasing  cost  of  timber, 
and  the  large  percentage  of  deterioration  and  destruction  during  its 
use  for  a  single  cofferdam,  have  developed  the  manufacture  of  steel 
sheet  piling,  which  can  be  redrawn  and  used  many  times.     The  forms 


Fig.  45.    Screw  Pile. 


Fig.  46.    Disc  Pile. 


of  Steel  for  sheet  piling  are  nearly  all  patented.  The  cross-sections 
of  a  few  of  them  are  shown  in  Fig.  44.  One  feature  of  some  of  the 
designs  is  the  possible  flexibility  secured  in  the  outline  of  the  dam 
without  interfering  with  the  water-tightness. 

Sheet  piling  is  usually  driven  in  close  contact  (as  shown  in  Fig. 
48),  either  to  prevent  leakage,  or  to  confine  puddle  in  cofferdams,  to 
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Fig.  47.    Lapped  Sheet-Piling. 


Fig.  48.    Single  and  Sheet  Piling 
Plan  View. 


prevent  the  materials  of  a  foundation  from  spreading,  or  to  guard  a 
foundation  from  being  undermined  by  a  stream  of  water.  To  make 
wooden  piles  drive  with  their  parts  close  against  each  other,  they  arc 
cut  obliquely  at  the  lx)ttom,  as  shown  in  Fig.  49.  They  arc  kept 
in  place  while  being  driven,  by  means  of  two  longitudinal  stringers  or 
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■wales.  These  wales  are  supported  by  gaujije-piles  previously  driven, 
which  are  several  feet  apart.  Sheet  piling  is  seldom  use<l  as  bearing 
piles, 

196.  Wooden  Bearing  Piles.  Specifications  for  wooden  piles 
generally  require  that  they  shall  have  a  diameter  of  from  7  to  II) 
inches  at  the  smaller  end,  and  12  to  15  inches  at  the  laiger  end. 
Older  specifications  were  quite  rigid  in  insisting  that  the  tree  trunks 
should  bo  straight,  and  that  the   piles  should  be  free  from  various 


v'-'i.'WvHi^        ^AA 
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kin<is  of  minor  <icfeclH;  but  the  growiiig  scarcity  of  tiinlx-r  is  mtMlify- 
.1       ■  _- 1:._.  .t  ,1  _     -i^...:  -jvidcd  the  most  essential 


...^  the  rigidity  of  thcs(^  siK-eiftcations,  prov . 

qualifications  of  strengtli  and  durability  are  provideil  for.     Timlx'P 

piles  shoulii  have  the  l»iirk  removed  Ufort^  being  driven,  unless  the 

piles  are  to  1k'  always  under  Wiitc 

the  driving  end,  and  iK>iiile<l  at  tin 

driven  in  hanl.  gravelly  suil,  it  is  often  s|Meified  that  they  shall  Iw 

sIiihI  widi  some  form  of  in>ri  sIkh-.     Tills  umy  l)e  done  by  means  of 

two  stnijw  of  wrought  in)n,  whieli  are  U'ul  over  the  [wiiit  su  as  to 


They  should  !je  cut  stjuare  i 
ver  en<l.     AVhen  they  an-  to  Ik; 
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form  four  l>ainLs  radiating  from  the  point  of  the  pile  (see  ImV.  r)0). 
By  means  of  holes  through  them,  these  bands  are  spiked  to  tlie  pil(\s. 
Another  metho<l,  although  it  is  considered  less  effective  on  account 
of  its  liahiHty  to  be  displaceil  during  <lriving,  is  to  use  a  cast-iron  sh(H». 
These*  shoes  are  illustrated  in  Fig.  51.  It  is  sometimes  sjx^cified 
that  piles  shall  be  driven  with  the  butt  end 
or  larger  end  down,  but  there  seems  to  be 
little  if  any  justification  for  such  a  sp(*ci- 
fication.  The  resistance  to  driving  is  con- 
siderably greater,  while  their  ultimate  lK»ar- 
ing  jx)wer  is  but  little  if  any  greater.  If 
the  driving  of  piles  is  considered  from  tlie 
stand)x)int  of  compacting  the  soil  (as  al- 
ready <liscussed  in  section  177),  then  driv- 
ing the  piles  w^ith  the  small  en<l  down  will 
compact  the  soil  mort*  effete tively  than  driv- 
ing them  butt  end  down. 

\Miite  pine,  spnice,  or  even  hemlock 
may  Ik*  used  in  soft  soils;  yellow  pine  in 
firmer  ones;   and   oak,  elm,  beech,  etc.,  in 

the  more  compact  soils.  They  are  usually  driven  from  2\  to  4  feet 
aj)art  each  w^ay,  center  to  center,  dejx'iiding  on  the  character  of  the 
soil  and  the  load  to  be  supported.  Timl)er  piles,  when  partly  abov(» 
and  partly  under  water,  will  decay  very  rapidly  at  the  water  line. 
This  is  owing  to  the  alternation  of  dryness  and  wetness.  In  tidal 
waters,  they  are  destroyed  by  the  marine  worm  known  as  tlie  teredo. 

The  American  Railway  Engineering  &  Maintenancv  of  Way 
Association  recommends  the  following  specifications  for  [)iling: 

"Piles  shall  be  cut  from  sound,  live  trees;  shall  be  close-graine<l  and 
solid;  free  from  defects  such  as  injurious  ring  shakes,  large  and  unsound 
knots,  decay,  or  other  defects  that  will  materially  impair  their  strength. 
The  tai>er  from  butt  to  top  shall  be  uniform  and  free  from  short  bends. 

"All  piles  except  foundation  piles  shall  be  peeled." 

197.  Bearing  Power  of  Piles.  Pile  foundations  act  in  a  variabk* 
combination  of  two  methcxls  of  sup]X)rt.  In  one  case  the  piles  are 
driven  into  the  soil  to  such  a  depth  that  the  fricfianal  resistance  of 
the  soil  to  further  penetration  of  the  pile  is  greater  than  any  load 
which  will  be  placed  on  the  pile.  As  the  soil  U'conies  more  and  more 
soft,  the  frictional  resistance  furnished  by  the  soil  is  less  and  less; 


rip.  51.    Cast-iron  Pile-Shoe. 
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:ir        iv:-:.^  N"Ly  jtv:*  ejehm*  *jy^Oi»  ryixcRETE 

lAt:  "  ~ii*T  ••^•*  nii*^  if*^:--TrUJ7"  iiiL'  "Jj*  ;cir  r^LiJ]  jitnt-miU'  to  a  strata 
r  Tiiii-i  r^'M*-  J•n^^~^    ii*    t^'Ixi?!!  ::  vil]  xteKeuai*-  hui  little  if  anv. 

'~!*>"  -^ir;!  '- ni  d  11  n.'f.  lie  fira'TZTY-  rv:<-i>  <*r:  a  series  of  columns 
i!f  Ti'i*-    viii'iL  LT^  sinciirv-i  TT  -12*?-  iJikT-t  >^\*9M.  simI  whose  action 

Lr  :•  i':nm>  ir  ~=*'r'  r^'ii"^  trraf"r!*£  '••T  -^  *^*i^\T  *4  the  Ten'  scift  soil 

'I  •  ■  ■ 

i:-  »uri  v'\ivi.  Ill*  iil*'*^  ia.-^  "til?-.":*?*!.  I:  i*rhCTx;al]T  makers  but  little 
_'ft*'>Tr-  v!.!';!  •"  "ip^-r  Hi- "LI*.! ::r  -Kf  fTj^c*:^  ■exi^ts  in  any  particular 
•!.-<  T^i-  Ti'i*-*  u^  ::'•"•*•:.  i:t  tl  tti^  r^^sifriiZK^  frarmshc-d  by  each  pile 
.-  i.-  T-^:  L-  :r  >*^lr**L  Tiv^  >s-;fiLZJ'.«e  isSiiir:?^!  ihe  sinking  of  a  pile 
.i-':»'''i.>  i:  >:•  •:  i  --^  iLrr-  ''lt'.»^T7  f -^otiHixfri^.  that  attempts  to 
f'-j  •:  if  -T-  ^;i.  :  r  '.'J.:  i^s.T-ri.-iir  'iL-f+e*:  :.r-  a  T}x<»netical  computa- 
T»  i:  -leiTjrr.  L^  "i-'Sr -LTt  Of  fi* it: Cf^  iT«f^iacT:<:;allv  useless.  Then* 
LTV  s  i::i'_"  •r-.»'0^'i">  :•:  'i^.  : :  taI  r»r<i^iio:^  wJik-h  are  5-0  lai^.  and 
tj?*  s  -  7^  _:-_« >  rj- 1 .  i: a. :  '.lir "^  *c. Tir«r: t  ■:  ■Tierjhaiiow  the  few  elemen  ts 
■c'i_i:-i.  -u^  *r  i'>vL^-.7  .•Lj;*_^:-i*i.  M  r>'  f>rmulie  for  pile-driving 
i>  'tL-^'i  -i.  ::«-  ^^''^-tl.  :•-  it  ^s:•::i.c  iLa:  :rje  nc-sistance  of  the  pile, 
??*.;*  -:  '  i  .:r  11-  ::•  -.  1  _rlr^  :1>  li^s:  '••i-T,  e«rjais  the  weight  of  the 
L!.~'-r:>T  ■"  i/r  :#  -  -     ,  :>   :>:ir-:T  :lr.«-iii  "aLki  ii  falls.     To  express 


^ _.■»      2i.   ■  '_  Ji.  '.Vi.. 


*^>iT"rf*  • 


:}>:..  liiA'  r::-^  :     ::>   :-•  ■  v  yrr.  Iz-.-k.  ^^  have 

Pr.i«  ::'.^'/..'".  -i' :•:.':  .•.  f  rr...:.,.  >  C'r>;«:rral»ly  mtxlifietl,  owing  to 
ih.-  f:a»::  :hii:  ::>  r> ->:a:>>  :  :\  ;«:*.r  -r  it>  jx-nt^iraiion  for  any  blow; 
•  lr}»'ri«i-  •r»r,^:  irru'-'y  •:.  :hr-  ::nv'  which  hast-lapseil  sinci*  the  previous 
MiiW.  T:.i-  r-rj'  ::«ti..y  v>.i.-;s  -hiii  it  is  far  i^asier  to  drive  the  pile, 
pn»vi«li-il  tht'  *:ii'»w-  nrr-  •irlivt-n;^!  vrrv  rapi«lly:  and  also  that  when  a 
jjaus*  is  maik'  ii\  x\w  •Ir.vir.c  i  *t  a  fi-w  minutes  or  for  an  hour,  the 
p<-nf'traii«ni  i-  verv  much  U'>>  avA  ilic  apparent  resistance  verj-  much 
^•att-r  .  on  actX'Unt  **i  th»-  t-arth  st-tiliiii:  annmd  the  pile  during  the 
intcnal.  The  nvKt  c<»mmnnly  ii><-fl,  fomuila  for  pile-<lriving  is 
km»vvn  as  the  Knfj'nrrr^^uf  X*  •rs  jnrrtula,  which,  when  usixl  for 
onlinarv  liamnierHiri\intr.  i<  a-i  follows: 


'•      ■    -■     (4) 
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This  formula  is  fiindamen tally  the  same  as  the  formula  given  above, 
except  that, 

R  =  Safe  load,  in  pounds; 

.s  =  Penetration,  in  inches , 
w  ^  Weight  of  hammer,  in  pounds; 

h  =  Height  of  fall  of  hammer,  in  feet. 

In  the  above  equation,  s  is  considered  a  free-falling  hammer 
(not  retanled  by  hammer  rope)  striking  a  pile  having  a  sound  head. 
If  a  friction-clutch  driver  is  used,  so  that  the  hammer  is  retarded  by 
the  nype  attached  to  it,  the  penetration  of  the  pile  is  commonly 
assuminl  to  be  just  one-half  what  it  would  have  been  had  no  ro|K» 
Ikxmi  attached  (that  is,  had  it  been  free-faUing). 

Also,  the  quantity  s  is  arbitrarily  increased  by  1,  to  allow  for  the 
influence  of  the  settling  of  the  earth  during  ordinary  hammer  pile- 
tlriving,  and  a  factor  of  safety  of  6  for  safe  load  has  hoen  used.  In 
spite  of  the  extreme  simplicity  of  this  formula  compared  with  that 
of  others  which  have  attempted  to  allow  for  all  possible  modifying 
causes,  this  formula  has  been  found  to  give  very  good  results.  When 
computing  the  bearing  power  of  a  pile,  the  penetration  of  the  pile 
during  the  last  blow  is  determined  by  averaging  the  total  penetration 
during  the  last  five  blows. 

The  pile-driving  specifications  adopted  by  the  American  Rail- 
way Engineering  &  Maintenance  of  Way  Association,  recjuire  that, 

"All  piles  shall  be  driven  to  a  firm  bearing  satisfactory  to  the  Engineer, 
or  imtil  five  blows  of  a  hammer  weighing  3,000  pounds,  falling  15  feet  (or  a 
hammer  and  fall  producing  the  same  mechanical  effect),  are  required  to 
drive  a  pile  one-half  (A)  inch  per  blow,  except  in  soft  bottom,  when  special 
instructions  will  be  given." 

This  is  equivalent  to  saying  (applying  the  Engineering  News 
formula)  that  the  piles  must  have  a  bearing  power  of  60,000  pounds. 

198.  Example  1.  The  total  pKjnetration  during  the  last  five  blows 
was  14  inches  for  a  pile  driven  with  a  3,000-pound  hammer.  During  these 
blows  the  average  drop  of  the  hammer  was  24  feet.  How  much  is  the  safe 
load? 

2wh        2  X  3,000  X  24        144,000        _^  ^,^  , 

7+T  =      (^X  14)4-1      =  ~3T7-  =  ^^'^^^  P°""^^- 

199.  Example  2.  It  is  required  (if  possible)  to  drive  piles  with  a 
3,000-pound  hammer  until  the  indicated  resistance  is  70,000  pounds.  What 
should  be  the  average  penetration  during  the  last  five  blows  when  the  fall  is 
25  feet? 
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*JiHl  Till-  last  proM'^m  sii;^p^*sfs  a  [>«>ssilil<'  impracticability, 
for  i(  limy  I'mtlily  lia|>|N'ii  (hat  when  tlu*  pile  has  Innmi  driven  to  it< 
full  length  ils  iniliealiil  resistance  i.s  still  far  less  than  that  desireil. 
In  s4»nie  easi's,  sueh  piles  wonM  nien^ly  Ik*  left  as  they  are,  ami  a<hli- 
tionul  piles  womM  In*  driven  Upside  th(*in,  in  the  endeavor  to  obtain 
as  inueh  total  resistance  over  tlu*  whole  fonndation  as  is  desircKl. 

The  above  fornnila  a|>plies  only  to  the  drop-hammer  methcKl  of 
dri\iiif<  piles,  in  which  a  weight  of  2,r)()()  to  .'{.(HM)  {muhhIs  is  raised 
and  drop|M'd  on  the  pile. 

When  till'  steam  pilenlrivtM*  is  nsed,  th(»  blow-s  an^  very  rapid, 
abont  Ttt^  to  tlfi  per  niinnte.  ( )n  acc(»init  <»f  this  rapidity  the  soil  d(H\s 
not  base  time  ti»  settle  U'tween  the  sncirssive  blows,  and  the  jkmic- 
tration  t>f  the  pile  is  nuieli  luow  rapid,  while  of  CHUirst*  the  n^sistancv 
after  tin*  tirivin);;  is  linished  is  jnst  as  ^n»at  as  is  seciinnl  by  any  other 
luetluMl.  i  >n  this  aenumt,  the  aUive  fornuda  is  modifitMl  so  that  the 
arbitrary  tpiantitv  adiltnl  to  .v  is  ehan^nl  frtuu  one  to  0.1,  and  the 
formula  Unomes 

'^-  /.;'■, ^5> 

lHU       MciIukIs    of    nri\inj5    Kks*    Then*    an*    ihnv    general 

melluKU  v^t'  sirnmi?   pile^     numelv,   bv  usini:   ,1'  a   fallint:  weiirh:: 

.*^  ihe  v'i\v>i\e  .uiivMi  of  a  waler-jet;  or    '»    llie  fonv  of  an  explosivr 

ri»e  dm\l  uu  iIkkI  in  nv»l  v^fieii  emf»loVi\l.  ami  will  not  Iv  further  tli>- 

viK^d       III    vv^v.NiviK  uiiiT     t\>a!uiaiiv»n>i    for    small  hiirhwav  bri«i:xfs, 

\\\!!  aiiL;\'r^  h.nv  \\"»  i:^\!  iv»  Ih>iv  hv>les,  in  which  pilc<  an^-^'tan*! 

L        ■  *  .  ^  ;  i  /  I.  ...  ■  --■  '-    •»  '*.      I  his  mctMiXi  •>[  •Inviii:;  oiie< 

v^x^'NixiN  r\  Mn.-'^  .1  ':.i""*v:  *:\tr:c  'i  ::i^l  'r»'t!.  a:"«l  wr[;ri^i;j;r  frr-ni 
..'  4\^  ••»  ^.'\\'  :\'.  "viN.  ',.'  t  i-^'*-.  -:  '  •■  '"'  >»■'  \\'^.  a::«i  rhr?!  all««\viri;r 
■ '.   v»  r'a      "\\\^   .•:•   '  \-    'r.u'    •:   ■  n*  :s!i         T't  '.\f.'»^v    >  Imisre*:   "»'.* 

^     .M\        '.       '»      '»-.N      .^         t      •.     ,    ^     .......     ^   M  inf'T:!t'<    "Tit  n-'" 

:<a.»-^x       ■  V      ^••./"  •         ^    '     i^^      'I-    "  i  »•    :r«t    "i"'!-  "-r  ■!•»!.•:« 

.:r.^  .  r-.'ri  .IN         ;t  !>.        i'i:>  -^-^HKV-^  '.  :le  I'^Feci:".  C'ie*v<    "'f  ::u    '!i*»^\.  .tn»i 
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lowers  the  value  of  s  in  the  formula  fijiven,  as  already  mentione<l. 
To  guide  the  hammer  in  falling,  a  fnime,  consisting  of  two  uprights 
ealled  leaders,  alx)ut  2  fwt  apart,  is  erected.  The  uprights  an^ 
usually  wcKxIen  Ix^ams,  and  an»  from  10  to  00  feet  long.  Sueh  a 
.simple  methcxl  of  pile-driving,  however,  has  thc^  disadvantage,  not 
only  that  the  blows  are  infrequent  (not  more  than  20  or  ev(»n  10  jH'r 
minute),  but  also  that  the  effectivene.ss  of  the  blows  is  n'ducTd  on 
account  of  the  settling  of  the  earth  around  the  piles  U^tween  the 
.successive  blows.  On  this  account,  a  form  of  pil(»-<l river  known  as 
the  steam  pile-driver  is  much  more  effective  and  economical,  even 
though  the  initial  cost  is  considenibly  greater. 

203.  Sfeam-H ainmcr  Pile-Driver.  The  steam  pile-<lriver  is 
essentially  a  hammer  which  is  attached  directlv  to  a  niston  in  a  steam 
cylinder.  The  hammer  weighs  alK)ut  4,000  jK)unds,  is  raised  by 
steam  to  the  full  height  of  the  cylinder,  which  is  about  40  inches,  and 
is  then  allowed  to  fall  freely.  Although  the  height  of  fall  is  far  l(\ss 
than  that  of  the  ordinary  pile-driver,  the  weight  of  the  hammer  is 
al)Out  double,  and  the  blows  are  very  rapid  (about  50  to  05  jx^r 
minute).  As  before  stated,  on  account  of  this  rapi<lity,  the  soil  (Iocs 
not  have  time  to  settle  between  blows,  and  th(»  {x»n(»t ration  of  the 
pile  is  much  more  rapid,  while,  of  course,  the  ultimate*  n\sistanee 
after  the  driving  is  finished,  is  just  as  grt^at  as  that  secured  l)y  any 
other  method. 

204.  Driving  Piles  with  Waier-Jct.  When  piles  are  driven  in  a 
situation  where  a  sufficient  supply  of  water  is  availal)le,  tlu'ir  resist- 
ance during  driving  may  be  very  materially  reduced  l)y  attaching  a 
pipe  to  the  side  of  the  pile  and  forcing  water  through  the  pi|X'  l)y 
means  of  a  pump.  The  water  returns  to  the  surface  along  the  sides 
of  the  pik  and  thus  reduces  its  fricticmal  resistance.  The  water  also 
fldftens  and  scours  out  the  soil  immediately  underneath  the  pile, 
fUld  enables  the  pile  to  penetrate  the  soil  much  more  easily.     In  very 

.mdt  soils,  piles  may  be  thus  driven  by  merely  loading  a  comparatively 
»  -WmII  wei^t  on  top  of  the  pile  while  the  force  pump  is  l)eing  opc^rjited ; 
/IUmI  yet  the  resistance  shortly  after  stopping  the  pump  will  Ih»  found 
:  fo  be  very  great.  Of  course  the  only  method  of  testing  such  r(\sist- 
-.  ance  is  by  actually  loading  a  considerable  weight  on  the  pile*.  This 
method  of  using  a  water-jet  is  chiefly  applicable  in  structures  wliich 
aie  on  the  banks  of  streams  or  large  lH)dies  of  water.     The  water-jet 
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and  the  hammer  are  advantageously  used  together,  especially  in  stiff 
clay. 

205.  Splicing  Piles.  On  account  of  the  comparatively  slight 
resistance  offered  by  piles  in  swampy  plactvs,  it  sometimes  becomes 
necessary  to  splice  two  piles  together.  The  splice  is  often  made  by 
cutting  the  ends  of  the  piles  perfectly  square  so  as  to  make  a  good 
butt  joint.  A  hole  2  inches  in  diameter  and  12  inches  deep  is  bored 
in  each  of  the  butting  ends,  and  a  dowel-pin  23  inches  long  is  driven 
in  the  hole  bored  in  the  first  pile;  the  second  pile  is  then  fitted  on  the 
first  one.  The  sides  of  the  piles  are  then  flattened,  and  four  2  by  4- 
inch  planks,  4  to  6  feet  long,  are  securely  spiked  on  the  flattened  sides 
of  the  piles.  Such  a  joint  is  weak  at  its  l)est,  and  the  power  of  lateral 
resistance  of  a  joint  pile  is  less  than  would  Ijc  expected  from  a  single 
stick  of  equal  length.  Nevertheless,  such  an  arrangement  is  in  some 
cases  the  only  solution. 

206.  Pile  Caps.  One  practical  trouble  in  driving  piles,  espe- 
cially those  made  of  soft  wood,  is  that  the  end  of  the  pile  will  become 
cnished  or  broomed  by  the  action  of  the  heavy  hammer.  Unless  this 
crushed  material  is  trimmed  off  the  head  of  the  pile,  the  effect  of  the 
hammer  is  largely  lost  in  striking  this  cushioned  head.  This  cnishe<l 
portion  of  the  top  of  a  pile  should  always  be  cut  off  just  before  the 
test  blows  are  made  to  determine  tlu*  resistance  of  the  pile,  since 
the  resistance  of  a  pile  indicated  by  blows  upon  it,  if  its  end  is 
broomed,  will  apparently  be  far  greater  than  the  actual  resistance  of 
the  pile. 

Another  advantage  of  the  steam  pile-<lriver  is  that  it  does  not 
produce  such  an  amount  of  brooming  as  is  caused  by  the  ordinary 
pile-driver.  Whenever  the  hammer  bounces  off  the  head  of  the  pile, 
it  shows  either  that  the  fall  is  too  great  or  that  the  pile  ha^  already 
lx»en  driven  to  its  limit.  Whenever  the  pile  refuses  to  p(*netrate 
appreciably  for  each  blow,  it  is  useless  to  drive  it  any  further,  since 
added  blows  can  only  have  the  effect  of  crushing  the  pile  and  render- 
ing it  useless.  It  has  frequently  been  discovered  that  piles  which 
have  been  hammered  after  they  have  been  driven  to  their  limit,  have 
become  broken  and  crushed,  perhaps  several  feet  underground. 
In  such  cases,  their  supporting  power  is  very  much  reduced. 

Usually  about  two  inches  of  the  head  is  chamfered  off  to  prevent 
this  bruising  and  splitting  in  driving  the  pile.     A  steel  band  2  to  3 
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inches  wide  ami  J  to  1  inch  thifk,  is  often  hooptt)  over  tlie  Iiead  of 
the  pile  to  assist  in  keeping  it  from  splitting.  These  devices  have 
k^  to  the  use  of  a  cast-iron  cap  for  the  protection  of  the  liead  of  the 
pile.  The  cap  is  made  with  two  tapering  recesses,  one  to  fit  on  the 
chamfered  head  of  the  pile,  and  in  the  other  is  plaa-d  a  piece  of  hard- 
wood on  which  the  hammer  falls.  The  cap  prcsenes  the  head  of 
the  pile. 

207.  Sawing  Off  the  Piles.  When  the  pdes  have  U-en  driven, 
they  an-  sawed  off  to  bring  (he  top  of  them  to  the  same  elevation  so 
that  they  will  have  an  even  bearing  .surface.  Wu-n  the  tops  of  the 
fules  are  aUtve  water,  this  sawing  is  usually  done  by  hand;  and  when 


P    f    p  8  5  ?  ? 


under  water,  by  machinery.  Tlie  usual  metJwMl  of  i  iitling  piles  off 
under  water  is  by  means  of  a  circular  .saw  on  a  vertical  shaft  which  is 
supported  on  a  special  frame,  the  saw  Ix-ing  ojx-mted  by  the  engine 
used  in  driving  the  piles. 

20S.  Finishing  the  Foundations.  When  the  heads  r>f  tiie  piles 
are  above  water,  a  layer  of  concrete  is  usually  placed  over  thim,  the 
concrete  resting  on  the  ground  tx;twii'n  ttie  piles,  as  well  as  on  the 
piles  themselves.  It  is  necessary  to  use  a  thick  plate  c)f  concrete,  .so 
that  a  concentrated  load  will  \k  distributed  over  a  numlx-r  of  piles 
(see  Fig,  52).  Sometimes  a  platform  of  heavy  timlHTs  i.'^  constructed 
on  top  of  the  piles,  to  assist  in  distributing  the  l<iad;  and  in  this  ca.-* 
the  concrete  is  placed  on  the  platform  (see  Fig.  ."i-S). 

When  the  heads  of  the  piles  are  under  water,  it  is  always  neces- 
sary to  construct  a  grillage  of  heavy  timiier  and  float  it  into  plac'e. 
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unlr.s.s  a  cofferdam  is  coiistnictoi  ai»l  the  water  pumped  out,  in 
which  ca.se  the  fouridation  can  be  completed  as  alreaily  (iescrilx'd. 
The  timl>ers  used  to  cap  the  piles  in  constructing  a  grillage  are  usually 
nliout  12  by  12  inches,  and  are  fastened  to  the  head  of  each  pile  by  a 
dri^t-itoU  (a  plain  Imr  of  steel).  A  hole  is  l>ored  in  the  cap  and  into 
the  head  of  the  pile,  in  which  the  drift-bolt  is  driven.  The  section  of 
the  drift-bolt  is  always  larger  than  the  hole  into  which  it  is  to  be 
driven;  that  is,  if  a  1-inch  roumi  drift-bolt  is  to  I>e  u.sed,  n  ;-inch 
auger  would  be  used  to  l)ore  the  hole.  The  transverse  timl>crs  of 
the  grillage  are  drift-boiled  to  the  caps. 

209.     Concrete  and  Rcinforced-Concrcte  RIes.    A  recent  devel- 
opment of  the  use 
||gt:e    r: — i.-;;  — ■■■.-'■- 3"L-^_       i  , 

■    '  "^      of  concrete  and  re- 

inforce<I  concrete  is 
to  construct  piles  of  ■ 
this  material.  A 
rei  II  f  o  rcetl  -concre  te 
pijcfoiindafiondoes 
not  materially  dif- 
fer in  construction 
fnmi  a  timlter  pile 
foundation.  'nio 
piles  are  driven  and 
cap])ed  with  ei>n- 
crele  n-adv  for  the 

F.«.M.    Cmp^rlsnn  „f  W„o.,en  .n.l  Cou.r.te  Pll.s.  ,„|^^tn,;.nn-        in 

the  usual  manner.  In  comparing  this  ty(K'  of  piles  with  limlM-r 
piles,  they  have  the  advantage  of  being  e<|U!dly  durable  in  a  wet 
or  dry  soil,  and  the  disiidvantage  of  Ix'ing  more  expensive  in  first 
co.it.  Sometimes  their  use  will  effect  a  s:iving  in  the  total  cost 
of  the  foundation  by  obviating  the  necessity  of  putting  the  piles 
off  below  the  water  line.  Tlie  depth  of  llie  excavation  and  the  volume 
of  masonry  may  be  greatly  r<'i]iiced,  as  shown  in  I"ig.  54.  In  this 
figure  is  shown  a  comparison  of  (he  relative  amount  of  excavation 
which  would  Iw  necvssjirv,  and  also  of  tlie  concrete  which  woiilil  lie 
FMjuired  for  the  piles,  tlius  indicating  the  economy  which  is  pos.sible 
in  the  items  of  excavation  and  concn-te.  There  is  al.so  shown  a 
possible  economy  in  the  numlier  of  piles  required,  since  concrete  piles 
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can  readily  be  made  of  any  desired  diameter,  while  there  is  a  practical 
fa'mitation  of  the  diameter  of  wooden  piles.  Therefore  a  less  numlxT 
of  concrete  piles  will  furnish  the  same  resistance  as  a  larger  niiml)er  of 
wooden  piles.  In  Fig.  54  it  is  assumed  that  the  three  concrete  piles 
not  only  take  the  place  of  the  four  wooden  piles  in  the  width  of  the 
foundation,  hut  there  will  also  he  a  corresponding  reduction  in  the 
number  of  piles  in  a  direction  perpendicular  to  the  section  shown. 
The  extent  of  these  advantages  depends  verj'  greatly  on  the  level 
of  the  ground-water  line.  When  this  level  is  considerably  below  the 
surface  of  the  ground,  the  excavation  and  the  amount  of  concrete 
required  in  order  that  the  timber  grillage  and  the  tops  of  th(»  piles 
shall  always  l)e  below  the  water  line  will  be  correspondingly  great, 
and  the  possible  economy  of  concrete  piles  will  also  be  correspondingly 
great. 

The  pile  and  cap  being  of  the  same  material,  they  Readily  l)ond 
together  and  form  a  monolithic  structure.  Reinforced-concrete 
piles  can  be  driven  in  almost  any  soil  that  a  timl)er  pile  can  [x*netrate, 
and  they  are  driven  in  the  same  manner  as  the  timl)er  piles.  A  com- 
bination of  the  hammer  and  water-jet  has  been  found  to  l)e  the  most 
successful  manner  of  driving  them.  The  hammer  should  Ik*  heavy 
and  drop  a  short  distance  with  rapid  blows,  rather  than  using  a  light 
hammer  dropping  a  greater  distance.  For  protection  while  lacing 
driven,  a  hollow,  cast-iron  cap  filled  with  sand  is  plac*ed  on  the  head 
of  the  pile. 

Concrete  and  reinforced-concR*te  piles  may  1h»  classified  un<ler 
two  headings:  (a)  those  where  the  piles  an;  formed,  hardened,  and 
driven  very  much  the  same  as  any  pile  is  driven;  (h)  those  when? 
a  hole  is  made  in  the  ground,  into  which  concR*te  is  rannned  and  left 
to  hanlen. 

R4*inforced-concn*te  piles  which  have  Ixm  formed  on  the  groinid 
aa»  designed  as  columns  with  vertical  rein  force  Hient  connected  at 
inter\'als  with  horizontal  bands.  These*  piles  are  usually  made  s<juare 
or  triangular  in  section,  and  a  steel  or  cast-iron  jx)int  is  used. 

Fig.  55  shows  the  cross-section  of  a  corrugated  pile  UM'd  in  the 
foundations  of  the  buildings  for  the  Simmons  Hardware  Company, 
Sioux  City,  Iowa,  and  for  John  J.  I^atteman,  Br(K)klyn,  N.  Y.  '^riie 
pile  taj)ers  fn)m  10  inches  at  the  large  end  to  J I  inelics  at  the 
small  end.    The  reinforcement  consists  of  (lintcm  elect  ri(ally-welde<l 
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fabric,  the  size  being  approximately  ^-incli  wires  longitudinally,  and 
,  12  inches  on  centers,  for  the  bands.  Tlie  hole  in  the 
\  inches  at  the  top,  and  tapers  to  2  inches  at  the  bottom. 
Tlie  piles  were  driven  by  means  of  a  watei^ 
jet  and  hammer.  The  jet  extended  thn>ugli 
the  opening  in  the  pile,  and  protruded  three 
inches  below  the  bottom  of  the  pile.  The 
prcisure  of  the  water  was  sufficient  to  dig  a 
hole  and  carry  tlic  loosened  soil  up  the  corru- 
gations, and  the  weight  of  tlie  hammer  drove 
the  pile  down.  When  the  pile  was  nearly  in 
place,  the  jet  was  removed,  and  the  Iiamm<'r 
was  used  to  force  the  pile  until  it  wjis  .solid. 
Tlic  cap  was  made  as  shown  in  Fig.  !Hi;  and  in  driving  the  pile,  a 
hanmier  weighing  2,.500  pounds  was  droppcti  25  feet,  20  to  30  times, 
witliout  injury  to  the  head. 

210.  Raymond  Concrete 
Pile.  Tlie  Raymond  concrite 
pile  (Fig.  57)  is  constructed  in 
place.  A  collapsible  stwl  pile- 
core  is  encased  in  a  thin,  closely- 
fitting,  .sheet-steel  shell.  The 
core  and  shell  are  driven  to  the 
rcqiiired  depth  by  means  of  a 
pile-dri\-er.  Ilic  cort;  is  so  con- 
structed that  when  the  driving 
is  finished,  it  is  collapsed  and 
withdrawn,  leaving  the  .sliell  in 
the  ground,  which  acts  as  a 
mould  for  the  concrete.  When 
the  core  is  withdrawn,  the  shell 
is  filletl  with  concrete,  which  is 
tarnpetl  during  the  filling  proc- 
ess. These  piles  arc  usuallv 
-c    .      ,         ,      "w.   ■      1        ■      ,-    ■  Hot  Section  A-B         Wwden  Buffer-x" 

iS  mches  to  M  inches  in  dinm- 

1"1e-  hi.    nishlon  Head  (or  Driving  Piles. 

etcr  at  the  top,  and  (>  inches  to 

S    inches  at   the   [>oint.     When    it   is  desirable,   (he  pile  can    lie 

made  larger  at  the  small  end.     The  sheet  steel  used  for  these  pilea 
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is  usually  No.  20  gauge.  When  it  is  desirable  to  reinforce  these  piles, 
the  bars  are  inserted  in  the  shell  after  the  core  has  been  withdrawn 
and  before  the  t«ncrete  is  placed. 

211.  Sinifdex  Concrete  KIc.  The  different  methods  for  pro- 
ducing the  Simplex  pile  cover  the  two  general  classifications  of 
ctnicrete     piles — namely,     those 

inuuldetl  in  place,  and  those 
moulded  above  ground  and  driven 
with  a  pile-driver.  Fig,  5S  shows 
tlie  standard  metliods  of  pro- 
ducing the  Simplex  pile.  In  Fig, 
5S,  A  shows  a  cast-iron  point 
which  has  been  driven  and  im- 
Ix^ded  in  the  ground,  the  am- 
crete  deposited,  and  the  fomi 
partially  withdrawn;  while  B 
shows  the  alligator  point  driving 
form.  The  only  difference  be- 
tween the  two  forms  shown  in 
this  figure,  is  that  the  alligator 
[Miint  is  withdrawn  and  the  cast- 
iron  point  remains  in  (he  ground. 
The  concrete  in  either  type  is 
compacted  by  its  own  weight. 
As  the  form  is  removed,  the  con- 
crete comes  in  contact  with  the 

soil    and    is    bonded    with    it.       A  pj^  5^.    R.iymond  concrete  PUe. 

danger  in  using  this  type  of  pile  is 

that,  if  a  stream  of  water  is  encountered,  the  cement  may  he  washed 

out  of  the  concrete  before  it  has  a  chance  to  set. 

A  shell  pile  and  a  moulded  and  driven  pile  are  also  prodiioed  by 
the  same  company  which  manufactures  the  Simplex,  and  are  rectun- 
monded  for  use  under  certain  conditions.  Any  of  these  types  of 
piles  can  be  reinforced  with  steel.  This  company  has  driven  piles 
20  inches  in  diameter  and  75  feet  long. 

212.  Steel  Piles.  In  excavating  for  the  foundation  of  a  16- 
story  building  at  14th  Street  and  r»lh  Avenue,  New  York,  a  jxiekct 
of  quicksand  was  discovered  with  a  depth  of  about  14  feet  below  the 
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bottom  of  the  general  excavation.  A  wall  column  of  the  building 
to  be  constructed  was  located  at  this  point,  with  its  center  only  15 
inches  from  the  party  line.  The  estimated  load  to  be  supported  by 
this  column  was  about  500  tons.  It  was  finally  decided  to  adopt 
steel  piles  which  would  afford  the  required  carrying  capacity  in  a 
small,  compact  cluster,  and  would  transfer  the  load  as  well  as  the 

other    foundations 
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to  the  solid  rock. 
These  piles,  5  in 
number,  were  driv- 
en very  close  to  an 
existing  wall  and 
without  endanger- 
ing it.  Ekich  pile 
was  about  15  feet 
long,  and  was  made 
with  an  outer  shell 
consisting  of  a  steel 
pipe  J  inch  thick 
and  12  inches  inside 
diameter, filled  with 
Portland  cement 
concrete,  reinforceil 
with  four  vertical 
steel  bars  2  inches 
in  diameter.  This 
gave  a  total  cross- 
sectional  area  of 
27.2  square  inches 
of  stwl,  with  an  al- 
lowetl  load  of  (),()(X)  jK)Utids  [xt  sfjuare  inch,  and  100.5  square  inches 
of  concrete  on  which  a  unit-strt»ss  of  5(K)  ix)unds  was  allowed.  This 
utilizes  the  bearing  strtmgth  of  the  extiTnal  shell,  and  enables  the 
concrete  filling  to  be  loadetl  to  the  maximum  permitte<:l  by  the  New 
York  Building  Laws.  The  tul)es  and  bars  have  an  even  bearing  on 
hard  bed-rock,  to  which  the  former  were  sunk  by  the  use  of  a  special 
air  hammer  and  an  inside  hydraulic  jet.  The  upper  ends  of  the 
steel  tulx^s  and  reinforcing  bars  were  cut  off  after  the  piles  were 
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Fig.  68.    Standard  Simplex  Concrete  Piles. 
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driven.  The  work  was  done  with  care,  and  a  direct  contact  was 
secured  between  them  and  the  finished  lower  surfaces  of  the  cast-iron 
caps,  without  the  intervention  of  steel  shims.* 

213.  Grillage.  A  pile  supports  a  load  coming  on  an  area  of  the 
foundation  which  is  approximately  proportional  to  the  spacing  be- 
tween the  piles.  This  area,  of  course,  is  several  times  the  area  of  the 
top  of  the  pile.  It  is  therefore  necessary  to  cap  at  least  a  group  of 
the  piles  with  a  platform  or  grillage  which  not  only  will  support  any 
portion  of  the  load  located  between  the  piles,  but  which  also  will  tend 
to  prevent  a  concentration  of  load  on  one  pile  and  will  distribute  the 
load  more  or  less  uniformly  over  all  the  piles.  Sometimes  such  a 
platform  is  made  of  heavy  timbers,  especially  if  timber  is  cheap;  but 
this  should  never  be  done  unless  the  grillage  will  be  always  under 
water;  and  even  under  such  conditions  the  incn^asing  cost  of  timber 
usually  makes  it  preferable  to  constnict  the  grillage  of  concrete.  A 
concrete  grillage  is  usually  laid  with  its  lower  surface  a  foot  or  two 
below  the  tops  of  the  piles.  The  piles  are  thus  firmly  anchored 
together  at  their  tops.  The  thickness  of  the  grillage  is  roughly  pro- 
portional to  the  load  per  square  foot  to  be  carried.  No  close  calcula- 
tions are  possible;  a  thickness  of  from  2  to  5  feet  is  usually  made. 
When  reinforced-concrete  structurt»s  are  supported  on  piles  or  other 
concentrated  points  of  support,  the  heads  of  the  piles  are  usually 
connected  by  reinforced-concrete  beams,  which  will  he  described  in 
Part  III. 

214.  Gushing  Pile  Foundation.  A  combination  of  steel,  con- 
crete, and  wooden  piles  is  known  as  the  Cushing  pile  foundation.  A 
cluster  of  piles  is  driven  so  that  it  may  be  surrounded  by  a  wrought- 
iron  or  steel  cylinder,  which  is  placed  over  them,  and  which  is  sunk 
into  the  soil  until  it  is  l)ek)w  any  chance  of  scouring  action  on  the 
part  of  any  current  of  water.  The  space  lx»tweeii  the  i)iles  and  the 
cylinder  is  then  surrounded  with  concrete.  Although  the  piles  are 
subject  to  decay  above  the  water  line,  yet  they  are  so  thoroughly 
surrounded  with  concrete  that  the  decay  is  probably  very  slow.  The 
steel  outer  casing  is  likewise*  subject  to  deterioration,  but  the  strength 
of  the  whole  combination  is  but  little  dependent  on  the  steel.  If  such 
foundations  arc  sunk  at  the  ends  of  the  two  trusses  of  a  bridge,  and 


^Condensed  fmm  Engineering  Record.  February  22.  1908. 
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are  suitably  cross-braced,  they  form  a  very  inexpensive  and  yet  effect- 
ive pier  for  the  end  of  a  truss  bridge  of  moderate  span.  The  end 
of  such  a  bridge  can  be  connected  with  the  shore  bank  by  means  of 
light  girders,  and  by  this  means  the  cost  of  a  comparatively  expensive 
masonry  abutment  may  be  avoided. 

215.  Cost.  In  comparing  the  cost  of  timber  piles  and  concrete 
or  reinforced-concrete  piles,  the  former  are  found  to  be  much  cheaper 
per  linear  foot  than  the  latter.  As  already  stated,  however,  there 
are  many  cases  where  the  economy  of  the  concrete  pile  as  compare<l 
with  the  wooden  pile  is  worth  considering.  In  general,  the  require- 
ments of  the  work  to  be  done  should  be  carefully  noted  before  the 
type  of  pile  is  selected. 

The  cost  of  wooden  piles  varies,  depending  on  the  size  and  length 
of  the  piles,  and  on  the  section  of  the  country  in  which  the  piles  can 
be  bought.  Usually  piles  can  be  bought  of  lumber  dealers  at  10  to 
20  cents  per  linear  foot  for  all  ordinary  lengths;  but  very  long  piles 
will  cost  more.  The  cost  of  driving  piles  is  variable,  ranging  from 
2  or  3  cents  to  12  or  15  cents  per  linear  foot.  A  great  many  piles 
have  been  driven  for  which  the  contract  price  ranged  from  20  cents 
to  30  cents  per  linear  foot  of  pile  driven.  The  length  of  the  pile  driven 
is  the  full  length  of  the  pile  left  in  the  work  after  cutting  off  the  pile 
at  the  desired  level  of  the  cap. 

The  contract  price  for  concrete  piles,  about  16  inches  in 
diameter  and  25  to  30  feet  long,  is  approximately  $1.00  per  linear 
foot.  When  a  price  of  SI. 00  per  linear  foot  is  given  for  a  pile 
of  this  size  and  length,  the  pria*  will  generally  be  somewhat  re- 
duced for  a  longer  pile  of  the  same  diameter.  Concrete  piles  have 
Ixien  driven  for  70  cents  per  linear  foot,  and  perhaps  less;  and 
again,  they  have  cost  much  more  than  the  approximate  price  of 
$1.00  per  linear  foot. 

216.  Piles  for  the  Charles  River  Dam.  The  first  piles  driven 
for  the  Cambridge  (Mass.)  conduit  of  the  Charles  River  dam  were 
on  the  Cambridge  shore.  On  January  1,  1907,  0,969  piles  had  been 
driven  in  the  Boston  and  Cambridge  cofferdams,  amounting  to 
297,000  linear  feet.  Under  the  lock,  the  average  length  of  the  piles, 
after  being  cut  off,  was  29  feet;  and  under  the  sluices,  31  feet  4  inches. 
The  specifications  called  for  piles  to  he  winter-cut  from  straiflfht,  live 
trees,  not  less  than  10  inches  in  diameter  at  the  butt  when  cut  off  in 
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the  work,  and  not  less  than  6  inches  in  diameter  at  the  small  end. 
The  safe  load  assumed  for  the  lock  foundations  was  12  tons  per  pile, 
and  for  the  sluices  7  tons  per  pile. 

The  Engineering  News  formula  was  used  in  determining  the  bear- 
ing power  of  the  piles.  The  piles  under  the  lock  walls  were  driven 
very  close  together;  and  as  a  result,  many  of  them  rose  during  the 
driving  of  adjacent  piles,  and  it  was  necessary  to  redrive  these  piles.* 

217.  nie  Foundation  for  Sea-Wall  at  Annapolis.  The  piles 
for  constructing  the 


r3-'H 


new  sea-wall  at 
Annapolis,  Md., 
ranged  in  length 
from  70  feet  to  110 
feet.  On  the  outer 
end  of  the  break- 
water, piles  70  feet 
to  85  feet  were  used. 
These  piles  were  in 
one  length,  single 
sticks.  Toward  the 
inner  end  of  the 
breakwater,  lengths 
of  100  feet  to  110 
feet  were  required. 
Singlesticks  of  this 
length  could  not  be  secured,  and  it  was  therefore  necessary  to  re- 
sort to  splicing  (see  Fig.  5ft).  After  a  trial  of  several  methods,  it 
was  found  that  a  splice  made  by  means  of  a  10-inch  wrought-iron 
pipe  was  most  satisfactory.  When  the  top  of  the  first  pile  had  been 
driven  to  within  three  feet  of  the  water,  it  was  trimmed  down  to  10 
inches  in  diameter.  On  this  end  was  placed  a  piece  of  10-inch 
wrought-iron  pipe  10  inches  long.  The  lower  end  of  the  top  pile 
WIS  trimmed  the  same  as  the  top  of  the  first  pile,  and,  when  raised 
by  the  leads,  was  fitted  into  the  pipe  and  driven  until  the  required 
penetration  was  reached.  The  piles  were  cut  off  4i  feet  below  the 
surface  of  the  water,  by  a  circular  saw  mounted  on  a  vertical  shaft-t 


PlB.  59.    Section  at  Naw  Rea-Wnll.  Annapolis,  Macylana. 
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COFFERDAMS  AND  CAISSONS 
218.  Cofferdams.  Foundations  are  frequently  constructed 
through  shallow  bodif?s  of  water  by  means  of  cofFerdama.  TTwae 
are  essentially  walls  of  clay  confined  between  wooden  frames,  the 
walls  being  sufficiently  impenious  to  water  so  that  all  water  and  mud 
within  the  willed  space  may  be  pumped  out  and  the  soil  excavated 
to  the  desired  depth.     It  is  sel- 


tight  jiiint  Ix'twccn 
(see  Fif^.  W,  a)  ■mad 
as  guide-piles.  Tlics 
which   niv   Iwllrd    to    the   guide-piles 


dom  expected  that  a  cofferdam 
can  be  constructed  which  will  be 
so  impervious  to  water  that  no 
pumping  will  be  required  to  keep 
it  clear;  but  when  a  cofferdam 
can  be  kept  clear  with  a  moderate 
amount  of  pumping,  the  advan- 
Ijigt's  are  so  great  that  its  use 
becomes  advisable.  A  dry  coffer- 
dam is  most  easily  obtained 
when  there  is  a  firm  soil,  prefer^ 
ably  of  clay,  at  a  moderate  depth 
(say  5  feet  to  10  feet),  into  which 
sheet  piling  may  be  driven.  The 
sheet  piles  are  driven  as  closely 
together  as  possible.  The  bottom 
of  each  pile  (when  made  of  wood) 
is  beveled  so  as  to  form  a  wedge 
which  tends  to  force  it  against 
the  pile  previously  driven  (see 
Fig.  49).  In  this  way  a  fairiy 
iljiurnt  piles  is  obtained.  Larger  piles 
of  sijuarcd  limber  arc  first  driven  to  act 
iire  connecli'il  by  widing  strips  (FJg.  60,  6), 
which  ser\'e  as  guides 


for  the  sheet  piling  (Fig.  00,  <■).  The  space  l>etween  the  two  rows 
of  sheet  piling  is  filled  wilh  puddle,  which  ordinarily  consists  chiefly 
of  clay.  It  is  found  that  if  the  puddling  material  contains  some 
gravel,  there  is  less  danger  that  a  serioii.s  leak  will  form  and  enlarge. 
Numerous  cross-braws  or  tie-rods  (Fig.  CO,  d)  must  be  used  to  pre- 
vent the  whHs  of  sliiH-'t  piling  from  spreading  when  the  puddle  is 


MASONRY  AND  REINFORCED  COXCREIT.  139 


being  packed  between  them.  Thewidth  of  the  puddle  wall  is  usually 
made  to  vary  between  three  feet  and  ten  feet,  depending  upon  the 
depth  of  the  water.  When  the  sheet  piling  obtains  a  firn;  footing  in 
the  subsoil,  it  is  comparatively  easy  to  make  the  cofTerdam  water- 
tight; but  when  the  soil  is  very  porous  so  that  the  water  soaks  up  from 
under  the  lower  edge  of  the  cofferdam,  or  when,  on  the  other  hand, 
the  cofferdam  is  to  be  placed  on  a  bare  ledge  of  rock,  or  when  the  rock 
has  only  a  thin  layer  of  soil  over  it,  it  becomes  exceedingly  difficult  to 
obtain  a  water-tight  joint  at  the  bottom  of  the  dam.  Excessive 
leakage  is  sometimes  reduced  by  a  layer  of  canvas  or  tarpaulin  which 
is  placed  around  the  outside  of  the  base  of  the  cofferdam,  and  which 
is  held  in  place  by  stones  laid  on  top  of  it.  Brush,  straw,  and  similar 
fibrous  materials  are  used  in  connection  with  earth  for  stopping  the 
cracks  on  the  outside  of  the  dam,  and  are  usually  effective,  provided 
they  are  not  washed  away  by  a  swift  current. 

Although  cofferdams  can  readily  be  used  at  depths  of  10  feet, 
and  have  been  used  in  some  cases  at  considerably  greater  depth, 
the  difficulty  of  preventing  leakage,  on  account  of  the  great  water 
pressure  at  the  greater  depths,  usually  renders  some  other  method 
preferable  when  the  depth  is  much,  if  any,  greater  than  10  feet. 

219.  Cribs.  A  crib  is  essentially  a  framework  (called  a  bird- 
cage by  the. English)  which  is  made  of  timber,  and  which  is  filled  with 
stone  to  weight  it  down.  Such  a  construction  is  used  only  when  the 
entire  timber  work  will  lx»  perjK»tually  under  watcT.  The  timber 
framework  must,  of  course,  be  designed  so  that  it  will  safely  support 
the  entire  weight  of  the  structure  placed  upon  it.  The  use  of  such  a 
crib  necessarily  implies  that  the  subsoil  on  which  the  crib  is  to  rest 
is  sufficiently  dense  and  firm  so  that  it  will  withstand  the  pressure  of 
the  crib  and  its  load  without  perceptible  yielding.  It  is  also  neces- 
sary for  the  subsoil  to  be  leveled  off  so  that  the  crib  itself  shall  not 
only  be  level  but  shall  also  be  so  uniformly  supported^  that  it  is  not 
subjected  to  transverse  stresses  which  might  cripple  it.  This  is 
sometimes  done  by  dredging  the  site  until  the  subsoil  is  level  and 
sufficiently  firm.  Some  of  this  dredging  may  be  avoided  through 
leveling  up  low  spots  by  depositing  loose  stones  which  will  imbed 
themselves  in  the  soil  and  furnish  a  fairly  firm  subsoil.  Although 
such  methods  may  be  tolerated  when  the  maximum  unit-loading  is  not 
great  (as  for  a  breakwater  or  a  wharf),  it  is  seldom  that  a  satisfactory 
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foundation  can  Ik»  thus  obtaimnl  for  heavy  bridge  piers  and  similar 
structures. 

220.  Open  Caissons.  A  caisson  is  Hterally  a  box;  and  an  opni 
caisson  is  virtually  a  huge  box  which  is  built  on  shore  and  launche<l  in 
very  much  the  same  way  as  a  vess(4,  and  which  is  sunk  on  the  site  of 
the  proposed  pier.  (See  Fig.  01.)  The  1k)x  is  made  somewhat  larger 
than  the  proposed  pier,  w^hich  is  started  on  the  l>ottom  of  the  1k)x. 
The  sinking  of  the  box  is  usually  accomplished  by  the  building  of 
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Fiji.  61.    S^vtion  <»f  Opt'D  Caisson. 

the  pier  inside  of  the  l>ox,  the  weight  of  the  pier  lowering  it  until  it 
rt*aches  the  IhhI  pn^jKiriMl  for  it  on  the  subsoil.  The  prt»j)aration  of 
this  IhhI  involves  the  sjime  difficulti(\s  and  the  same  obj(*ctions  as 
thosc^  already  n»ferred  to  in  the  adoption  of  cribs.  The  lH)ttomof 
the  lx)x  is  esstnitiallv  a  larjji^  i)latfonn  made  of  heaw  timlx^rs  and 
planking.  The  sides  of  the  caissc^ns  have  sometimes  Ixvn  ma<le  so 
that  thev  htv  mert^lv  tied  to  the  lK)itom  bv  means  of  numen)us  tie- 
nnls  extending  fnun  the  top  down  to  the  extendetl  platform  at  the 
lx>ttom,  when*  they  an*  h(H)k(Hl  into  largi'  in)n  rings.  \Mien  the  pier 
is  ci>mplete  alxive  the  water  line  so  that  the  caisson  is  no  longer 
neetknl,  the  ti(*-nxls  may  K*  liMrs^MUMl  by  unscrewing  nuts  at  the  top. 
The  nxls  mav  then  Ik*  unh(K)k(Ml,  antl  nearlv  all  the  timlx»r  in  the 
sides  i>f  the  aiisson  will  Ik»  KkisimkhI  anil  mav  bt»  reeoveretl. 
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221.  Hollow  Cribs  or 
Caissons.  The  foiinilatton 
for  u  pier  is  sometimes 
niiulc  in  the  form  of  a  box 
with  walls  several  feet  in 
thiekness,  hut  with  »  large 
opening  or  well  through  the 
crnter.  Such  piers  may  be 
Slink  in  situations  where 
there  is  a  soft  soil  of  coti- 
siilerable  depth  t)irough 
which  the  pier  must  pass 
Ix-fore  it  can  reach  the  firm 
siil>soil.  In  sueli  a  case,  the 
crib  or  caisson,  which  is 
usnally  niacle  of  timber,  may 
l)c  built  oil  sliorp  and  towed 
to  the  site  of  the  proposed 
pier.  The  masonry  work 
may  Ix-  immediately  started ; 
and  as  the  pier  .sinks  into 
the  mud,  tile  ma.sonry  work 
is  a<Ided  so  that  it  is  al- 
ways considerably  above  the 
water  line.  (i>Qc  Fig.  fi2.) 
Tht-  deeper  the  pier  sinks, 
the  greater  will  be  the  re- 
sistance of  the  suKsoil,  un- 
til, finally,  the  weight  of  the 
uncompleted  pier  is  of  it- 
self insufficient  to  cause  it 
to  sink  further.  At  this 
stage,  or  even  earlier,  dredg- 
ing may  be  commenced  by 
means  of  a  clamshell  or 
orange-peel  dredging  buck- 
et,thrr>ugh  the  interior  well. 
The   removal   of  the  earth 
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fpini  lite  (-ciitiT  of  t)K-  siiKsoil  on  wliicli  fhc  pier  Is  n-stiiig,  will  cause 
tile  iimil  mill  soft  stiil  to  flow  toward  the  o-ntor,  whew  it  is  within 
n'lirli  "f  tluMiifilp:'.  The  pifs,siin>  of  the  pier  accomplishes  thii. 
Tile  ii(v[HT  (111*  pivr  sinks,  the  greater  is  its  weight  hthI  tin-  ^nrftlcr 
its  ]>n's.snR'  on  the  snl>soi],a]thoiig)i  tliis  is  somewhat  eountencttd 
h\  tile  e()nslantly  inen-asing  friction  of  the  soil  around  tbcoBlHp 
of  tlie  ])ier.  I'iniillv  the  pier  will  reach  niieli  a  depth,  and  thcstlllBff 
will  lie  so  finn,  that  even  the  pressnrc  of  tho  pier  ia  not  .iiif!i«imti|a 
fonv  any  mon-  kwse  soil  towanl  the  central  vreW.  'Hie  inleinr 
well  may  then  U-  filWl  solidly  with  concrete,  and  llms  tlu-cntuc 
area  of  the  l>ase  of  the  pier  is  n-stiiifron  thesnhsoil,  ant)  llii>  unit- 
pivssnrc  is  pn)I>jd>ly  rednei-d  to  a  safe  figure  for  the  sultsuil  at  that 
depth. 

Tilts  principle  was  adopted  in  the  Hawkeshitry  hridge  in  Aiv* 
tnilia,  whieh  was  sunk  to  a  depth  of  IM  feet  lielow  hijih  water — 
a  depth  which  would  have  IxH^n  impracticable  for  the  puettnufe 
caisson  melhiKl  desrriU'd  later.  In  this  ca.se,  the  caissons  weie 
nitiiie  of  inin,  elliptical  in  sha|x-,  an<l  aI>oiit  4S  feet  by  20  feet,  lliei* 
were  thnv  tulies  S  feet  in  diuineler  through  each  cais.son.  At  the 
lM)ttoin,  these  tulvs  flared  out  in  lK'll-sha[K'r]  cMcnsions  which  forflled 
shaq)  ciittinj;  edfjes  with  the  ontside  line  of  the  caisson.  Tliew;  l>rl^ 
niouthe<l  e\tensions  thn.s  forced  the  .soil  toward  the  center  of  (hv 
wills  until  the  niatirial  was  within  n'ach  of  the  dred^ng  buckets. 

This  nu-llxHl  of  ilnilijin;!  thriaigh  an  opening  is  very  reajdily 
ap)ilieahle  to  the  .sinking  "f  a  ei)ni}«ii7itively  small  iron  cylinder.  Aa 
it  sinks,  new  .•ii'ctions  of  the  cylinder  can  ix'  added;  while  the  dredge, 
working  ilimngh  the  lylinder,  R'U<lily  removes  the  earth  until  the 
snlisoil  U-eouies  so  linn  that  the  ihrilgi'  will  not  readily  excavate  it. 
Under  such  eondilions  the  .siili.soil  is  lirm  enough  for  a  foundatiQii, 
anil  it  is  then  only  necessary  lu  fill  the  cylinder  with  concrete  to  ob- 
tain a  siihd  pier  on  a  good  and  linn  foundation. 

One  ]>r.ietical  diHicnliy  which  applies  to  all  of  those  methods  of 
erilis  and  caissons,  is  the  fiict  that  the  action  of  a  heavy  current  in  a 
river,  or  tlic  meeting  of  some  large  ohstnietion  .sueh  asaboukleror 
large  sunken  log,  may  dcHeet  the  pier  .somewhat  out  of  its  intended 
jM>siti(iii.  When  such  a  deflection  lakes  place,  it  is  difficult  if  not 
ini|M>ssilile  to  fon-e  the  pier  Iwek  to  its  interiileil  jxxsition.  It  there- 
fore iK'eiiines  neei'ssary  Iti  make  the  pier  .somewhat  lai^T  than  tile 
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strict  requirements  of  the  superstructure  would  demand,  so  that  the 
superstructure  may  have  its  intended  alignment,  even  though  the 
pier  is  six  inches  or  even  a  foot  out  of  its  intended  position. 

222.  Pneumatic  Caissons.  A  pneumatic  caisson  is  essentially 
a  large  inverted  box  on  which  a  pier  is  built,  and  inside  of 
which  work  mcy  be  done  because  the  water  is  forced  out  of 
the  box  by  compressed  air.  If  an  inverted  tumbler  is  forced 
down  into  a  bowl  of  water,  the  large  air  space  within  the  tum- 
bler gives  some  idea  of  the  possibilities  of  working  within  tlu» 
caisson.  If  the  tumbler  is  forced  to  the  bottom  of  the  bowl,  the 
possibilities  of  working  on  a  river  bottom  are  somewhat  exem- 
plified. It  is,  of  course,  necessary  to  have  a  means  of  communi- 
cation between  this  working  chamber  and  the  surface;  and  it  is 
likewise  necessary  to  have  an  air-lock  through  which  workmen  (and 
perhaps  materials)  may  pass. 

The  process  of  sinking  resembles  in  many  points  that  described 
in  the  previous  section.  The  caisson  is  built  on  shore,  is  launched, 
and  is  towed  to  its  position.  Sometimes,  for  the  sake  of  economy 
(provided  timber  is  cheap),  that  portion  of  the  pier  from  the  top  of 
the  working  chamber  to  within  a  few  feet  below  the  low-water  line, 
may  be  built  as  a  timber  crib  and  filled  with  loose  stone  or  gravel 
merely  to  weight  it  down.  This  method  is  usually  cheaper  than 
masonry;  and  the  timber,  being  always  under  water,  is  durable.  As 
in  the  previous  section,  the  caisson  sinks  as  the  material  is  removed 
from  the  base,  the  sinking  being  assisted  by  the  additional  weight 
on  the  top.  The  only  essential  difference  between  the  two  processes 
consists  in  the  method  of  removing  the  material  from  under  the 
caisson.  The  greatest  depth  to  which  such  a  caisson  has  ever  been 
sunk  is  about  110  feet  below  the  water  line.  This  depth  was  reached 
in  sinking  one  of  the  piers  for  the  St.  Louis  bridge.  At  such  depths 
the  air  pressure  per  square  inch  is  about  48  pounds,  which  is  between 
three  and  four  times  the  normal  atmospheric  pressure.  Elaborate 
precautions  are  nece^^ry  to  prevent  leakage  of  air  at  such  a  pressure. 
Only  men  with  strong  constitutions  and  in  perfect  health  can  work 
in  such  an  air  pressure,  and  even  then  four  hours  work  per  day  in  two 
shifts  of  two  hours  each  is  considered  a  good  day's  work  iit  these 
depths.  The  workmen  are  liable  to  a  form  of  paralysis  which  is 
called  caisson  disease,  and  which,  especially  in  those  of  weak  const itu- 
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tion  or  intemperate  habits,  will  result  in  partial  or  pennanent  dis- 
ablement and  even  death. 

In  Fig.  63  is  shown  an  outline,  with  but  few  details,  of  the 
pneumatic  caisson  used  for  a  large  bridge  over  the  Missouri  River  . 
near  Blair,   Nebraska,     The  caisson   was  constructed   entirely  of 
timber,  which  was  framed  in  a  fashion  somewhat  similar  to  that 
shown  in  greater  detail  in  Fig.  62.     The  soil  was  very  soft,  consisting 


s  or  Pneumatic  CalssoD. 


cliiefly  of  sand  and  mud,  which  was  raised  to  the  surface  by  the 
operation  of  mud  pumps  that  would  force  a  stream  of  liquid  mud 
and  sand  through  the  smaller  pipes,  which  are  shown  passing  through 
the  pier.  Tlie  larger  pipes  near  each  side  of  the  pier,  were  kept 
closed  during  the  process  of  sinking  the  caisson,  and  were  opened  only 
after  the  pier  had  been  sunk  to  the  bottom,  and  the  working  chamber 
was  being  filled  with  concrete,  as  dcscrilx^I  below.  These  extra 
openings  facilitated  the  filling  of  the  working  chanil>er  with  concrete. 
Near  the  center  of  the  pier,  is  an  air-lock,  with  the  shafts  extend- 
ing down  to  the  working  chamU'r  and  up  to  ihe  surface.  The 
ends  of  three  trusses,  which  were  made  part  of  the  construction  of 
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the  caisson  in  order  to  resist  any  tendency  to  collapse,  are  also  shown. 
A  caisson  is  necessarily  constructed  in  a  very  ripd  manner,  the 

timbers  being  generally  12  by  12-inch,  and  laid  crosswise  in  alter- 
nate layers,  which  are  thoroughly  interlocked.  An  irregularity  in  the 
settling  may  often  be  counteracted  by  increasing  the  rate  of  excavation 

under  one  side  or  the  other  of  the  caisson,  so  that  the  caisson  will  be 

guided  in  its  descent  in  that  direction. 

A  great  economy  in  the  operation  of  the  compressed-air  locks  is 

afforded  by  combining  the  pneumatic  process  with  the  open-well 
.process  described  in  the  previous 

section,  by  maintaining  a  pit  in 

the    center   of   the    caisson.     A 

draft  tube  which  is  as  low  as  the 

cutting  edge  of  the  caisson  pre- 

'vents  a  blow-out  of  air  into  the 

central  well.    The  material  dug 

by  the  workmen  in  the  caisson  is 

thrown  loosely  into  the  central 

well  or  rump,  from  which  it  is 

promptly  raised  by  the  dredging 

machinery  (see  Fig.  64),     By  the 

adoption  of  this  plan,  the  aii^Ioek 

needs  to  be  used  only  for  the  entrance  and  exit  of  the  workmen 

to  and  from  the  working  chamber. 

When  the  caisson  has  sunk  to  a  satisfactory  subsoil,  and  the 
bottom  has  been  satisfactorily  cleaned  and  leveled  off,  the  working 
chamber  is  at  once  filled  with  concrete.  As  soon  as  sufficient  con- 
crete has  been  placed  to  seal  the  chamber  effectively  against  the 
entrance  of  water,  the  air-locks  may  be  removed,  and  then  the  com- 
pletion of  the  filling  of  the  chamber  and  of  the  central  shaft  is  merely 
open-air  work. 

RETAININQ  WALLS 
223.     A  retaining  wall  is  a  wall  built  to  sustain  the  pressure  of  a 
vertical  bank  of  earth.     The  stability  of  the  wall  is  a  comparatively 
simple  matter  when  three  quantities  have  been  determined: 

(1)  The  intenBity  of  the  earth  pressure; 

(2)  The  paint  of  applicoition  of  the  rcsultacit  of  the  earth  pressure; 

(3)  The  hne  of  actioa  of  this  pressure. 


Pn»lltIln^lc  Cals- 


14f. 


MASOXRV  A\D  HEIXFORCED  CONCRETE 


Unfortunately,  i-arfliy  material  is  very  variable  in  its  action  in  these 
rt'spects,  (leiiendiiifion  its  condition.  It  is  not  only  true  that  different 
grades  of  earthy  material  act  <]uite  differently  in  these  respects,  Imt 
it  is  also  Inie  that  the  same  material  will  act  differently  under  varying 
physical  conditions,  especially  in  refpinl  to  its  saturation  with  water. 
On  these  accounts  it  is  impracticable,  even  by  experiment,  to  deter- 
mim-  values  which  are  n'liable  for  all  comlitions. 


It  is 
pressun- 


Fig,  as.    Typical  Rvtivlnlng  Wall. 


ilsii  cinn])ar,itiv('Iy  easy  to  formulate  a  theory  regarding  the 
f  earthwork  which  shall  Ik;  Ixised  on  certain  theoretical 
assumptions.  One  of  these  as- 
sumptions is  that  the  so-called 
plane  of  rupture  is  a  plane  surface 
— or,  in  other  words,  that  the  line 
a  b  (Fig.  65)  is  a  straight  line. 
There  ia  considerable  evidence, 
and  even  theoretical  grounds,  for 
considering  not  only  that  the  line 
a  b  is  B.  curved  line,  but  that  the 
curve  is  variable,  depending  on 
the  physical  conditions.  It  is 
also  assumed  that  the  earthy  ma- 
terial acts  virtually  the  same  as  a  liquid  with  a  density  considerably 
greater  than  water;  but  there  is  ground  for  believing  that  even 
this  assumption  is  not  strictly  warranted.  Theoretically  the  prob- 
lem is  also  very  much  complicated  by  the  question  of  the  earth 
pn-.ssure  which  may  be  produced  by  a  surcharged  wall.  A  surcharge 
is  a  bank  of  earth  which  is  built  above  the  height  of  the  top  of  the 
retaining  wall  and  sloping  back  from  it.  It  certainly  adds  to  the 
pressure  on  the  earth  immediately  back  of  the  wall  itself  and  in- 
creases the  pressure  on  the  wall. 

224.  Theoretical  Formulae.  In  spite  of  the  unreliability  of 
theoretical  formuliu,  for  the  reasons  given  above,  certain  formuliE 
wliich  are  here  quoted  without  demonstration  are  sometimes  used  for 
lack  of  better  fonnulie  as  a  guide  in  determining  the  thickness  of  a 
wall.  For  simplicity  it  is  assumed  that  the  rear  face  of  the  wall  is 
vertical-  The  variation  in  the  theory  by  attempting  to  allow  for  a 
slojic  iif  the  rear  fna-,  merely  comi)Hcatfs  the  theory;  while  the  effect 
of  such  a  variation  fnim  the  vertical  as  is  ever  adopted  is  usually  so 
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small  that  it  is  utterly  swallowed  up  by  the  unavoidable  uncertainties 
in  the  practical  application  of  the  theory.     In  Fig.  66, 

Let  £  =  Total  presBure  against  rear  face  of  wall  on  a  unit-length  of  wall; 
ID  =  Wcightofauoit-voluraeoftheearth; 
h  =  Height  of  wall; 

iji  —  The  angle  of  repote  with  the  horizontal — that  ia,  the  an^lc  at 
which  that  kind  of  earth  will  remain  without  further  sliding. 

"njeii,  when  the  upper  surface  of  the  earth  is  horizontal,  wo  have  the 
equation : 

£:...».(«•-*-,  if (6) 

If  the  upper  surface  of  the  earth  is  surchargc<l  with  a  hank  of  earth 
at  a  natural  slope,  or  if  the  angle  of  slope  of  the  surcharge  =  •p,  then 
the  equation  becomes: 

E--|o..*.»- (7) 

An  inspection  of  Equation  6  will  show  that  the  pressure  E  is  greater 
for  small  values  of  4>-  The  angle  of  repose  for  various  materiaLs  is 
not  only  variable 
for  different  grades 
of  material,  but  is 
variable  for  the 
same  grade  of  ma- 
terial under  various 
conditions  of  satu- 
ration. A  value  of 
^  which  is  f  requen  t- 
ly  adopted   is  30°. 

This  is  considerably  lower  than  the  usual  tnie  value  (if  -f-  for  tlry 
material,  and  is  usually  a  safe  value  of  ^  for  any  material  (except 
quicksand)  either  wet  or  dry.  The  adoption  of  this  value,  there- 
fore, generally  means  that  the  result  is  saf<r,  and  that  the  factor  of 
safety  is  merely  made  somewhat  larger. 

225.  Example.  What  will  be  the  pressure  per  foot  of  length  of  the 
wall,  for  a  wall  18  feet  high,  the  angle  of  repose  for  the  earth  being  assumed 
at30°T 

Solution.  Here  A  =  18  feet,  and  *  =  30°.  The  weight  of 
earth  (w)  is  quoted  as  varyinj:;  from  70  to  120  ikiuikIs  per  cubic  foot 
according  to  the  degree  of  saturation  and  density  of  packing.     When 
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the  earth  is  densely  packeil,  its  angle  of  repose  is  greater;  therefore 
we  are  safe  in  assuming  a  weight  of  100  pounds  per  cubic  foot  for  an 
angle  i  ^^  of  30°.     Sul>stituting  these  values  in  Equation  6,  we  have: 

tr     ♦      «  /  .-o      '"^0°  ,    100  X  324 
£  =  tan-  c4o**  -  -  —  )   ^ 

=  taii=»30**  X  16,200 
=  5.400  pounds. 

Using  this  value  of  o  =  30°  gives  us  the  simple  relation  that  E  = 
J  w  Ir,  or  one-sixth  of  the  unit-weight  of  the  earth  times  the  square 
of  the  height,  for  a  wall  without  a  surcharge. 

220  Methods  of  Failure.  There  are  four  distinct  ways  in 
which  failurt*  of  a  retaining  wall  may  come  about: 

{\^  A  n^taining  wall  may  fail  by  sliding  bodily  on  its  foundations 
or  on  anv  horizontal  joint.  This  mav  occur  when  the  wall  is  rest- 
ing  on  a  soft  soil,  and  esptx*ially  when  the  foundation  is  not  sunk 
suHiciently  dtvp  into  the  subsoil  so  that  it  is  anchored.  The  failure 
of  the  wall  on  a  horizontal  joint  is  very  improbable  when  the  masonry 
work  and  its  lx)nding  are  properly  done.  Perfectly  flat,  continuous 
joints  should  Ik*  avoiileil. 

(2^  A  n^taining  wall  may  fail  by  crushing  the  toe  of  the  wall. 
This  may  occur  providixl  that  the  nvsultant  of  the  weight  of  the  wall 
and  of  the  ovrrturning  prt^ssun^  comes  so  near  the  toe  of  the  wall, 
and  the  intensity  of  that  pri'ssure  is  so  great,  that  the  masonry  b 
crushed.     The  method  of  calculating  such  pressure  will  be  given  later. 

{'^)  Tlw  wall  may  fail  hy  tipping  over.  This  may  occur  pro- 
vidinl  that  the  Resultant  prt^ssurt*  (descril)ed  later)  passes  outside  the 
toe  of  the  wall 

(4)  The  same  elFect  occurs  pn)vided  that  the  subsoil  is  unable 
to  withstand  the  concentrated  pn\ssure  on  the  toe  of  the  wall,  and 
yields,  while  tlu»  masonry  of  the  wall  may  nevertheless  remain  intact 
and  the  wall  itself  he  properly  projK)rtioned. 

227.  Determining  the  Resultant  Pressure.  Assume  a  verv 
simple  numerical  case,  as  in  Fig.  ()7.  The  weight  of  the  wall  and  its 
line  of  action  are  very  n^idily  determined  with  accuracy.  The  base 
of  the  wall  has  Inx^n  made  ,\,  of  the  height,  or  7.2  feet.  The  batter 
of  the  outer  face  is  at  the  rate  of  1  in  T),  or  is  3.6  feet  in  the  total  height 
of  the  wall,  leaving  3.0  fcrt  as  the  thickness  at  the  top.  The  area  of 
the    cross-section  =  \  {}^A^  +  7.2)  IS  =  97.2  square    feet.     On    the 
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basis  that  this  masonry  weighs  140  pounds  per  cubic  foot,  a  section  of 
this  wall  one  foot  long  will  weigh  13,608  pounds.  To  find  the  line  of 
application  of  the  weight,  we  must  find  the  center  of  gravity  of  the 
trapezoid,  and  for  this  purpose  we  may  divide  the  trapezoid  into  a 
rectangle  and  a  right-angled  triangle.  The  rectangle  has  an  area  of 
64.8  square  feet,  and  its  center  of  gravity  is  1  8  feet  from  the  rear  face. 
The  center  of  gravity  of  the  triangle  (whose  area  equals  J  X  18  X  3.6 
=  32.4  square  feet)  is  at  one-third  of  the  base  of  the  triangle  from  its 
right-hand  vertical  edge,  or  at  a  distance  of  4.8  feet  from  the  rear  of 
the  wall.  The  center  of  gravity  of  the  trapezoid  is  then  found  numer- 
ically as  follows: 

64.8  X  1.8=116.64 

32.4  155.52 

97.2^  272.16 

272.16-5-97.2  =  2.80  feet, 

which  is  the  distance  of  the  center  of  gravity  of  the  trapezoid  from 
the  rear  face  of  the  wall.  The  pressure  of  the  earth  on  the  rear  wall, 
as  stated  above,  is  very  uncertain;  a  value  for  it  has  already  been 
computed  (in  the  example  in  section  225)  as  5,400  pounds.  This 
value  is  probably  excessive,  except  under  the  most  unfavorable  con- 
ditions. The  point  of  application  of  the  resultant  of  this  pressure, 
as  well  as  the  direction  of  that  resultant,  is  also  uncertain,  and  has 
been  the  subject  of  much  theoretical  controversy.  If  the  soil  were 
merely  a  liquid  which  had  no  internal  friction,  there  would  be  no 
uncertainty.  In  this  case,  the  point  of  application  of  the  pressure 
would  be  at  one-third  the  height  of  the  wall  from  the  base,  and  its 
direction  would  be  perpendicular  to  the  rear  face  of  the  wall.  This  is 
the  most  unfavorable  condition  for  stability  which  could  be  assumed; 
and  on  this  account,  calculations  are  sometimes  made  on  this  basis, 
with  the  knowledge  that  if  the  wall  is  stable  under  these  most  unfavor- 
able conditions,  it  will  certainly  be  stable  no  matter  what  the  real 
conditions  may  be.  On  this  basis  we  have  the  resultant  pressure 
against  the  rear  of  the  wall  as  indicated  by  the  arrow  in  Fig.  67.  The 
resultant  pressure  on  the  base  of  the  wall  is  therefore  a  line  the  direc- 
tion of  which  is  indicated  by  the  diagonal  of  a  parallelogram  whose 
two  sides  are  parallel  to  the  two  forces,  the  sides  being  proportional 
to  those  forces.  The  amount  of  this  pressure  ecjuals  the  square  root 
of  the  sum  of  the  scjuares  of  5,400  and  13,()08,  or  14,640  pounds.     The 
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intersection  of  this  line  of  pressure  with  the  base  is  evidently  at  a  dis- 
tance from  the  uiterscction  of  the  line  of  vertical  pressure,  equal  to: 


That  p<nnl  is  therefore  5.1S  feot  from  the  rear  of  the  wall,  or  2,02  feet 
from  the  toe.  This  point  rt-presenls  the  center  of  pressure  of  the 
pressure  on  the  subsoil.  The  pres- 
sure is  most  intense  at  the  toe  of 
the  wall,  and  is  there  assumed  to 
Ix-  twice  as  intense  as  the  average 
pressure.  It  is  also  assumed  that 
the  pressure  diminishes  toward 
the  rear,  until,  at  a  distance  liack 
from  the  center  of  pressure  equal 
to  twice  the  distance  from  the 
center  of  pressure  to  the  toe,  the 
pressure  is  zero.  This  would 
mean  that  the  pressure  varies  as 
the  onlinates  of  a  trianjrle  (as  il- 
lustrated in  Fig.  OS),  the  triangle 
having  a  base  of  3  X  2.02  = 
().<K>  feet.  The  average  prcs.surc 
would  equal  14,640  4-  O.Ofi  = 
2.415  pounds  jx'r  square  Umt. 
'Hie  maximum  pressure  at  the 
t(H'  would  therefore  equal  twice 
this  average  pressure,  or  4,S30 
Fin.  "?  Hfsiiiiani  ^J'^ip'""''  "I  i''-t^i"inu  [)ounds  \x^T  stjuarc  foot,  or  altout 
.■{4  |>ouikIs  jxTS(|uare  inch.  Tliis 
unit-pressure  is  so  far  williin  thiit  allowable  for  stone  masonry,  that 
there  is  no  iliinger  of  the  cnishirig  nf  the  masonry  at  the  toe. 

The  presstia'  on  the  subsoil,  which  is  less  than  2i  tons  per  .sr|Uare 
fool,  is  less  than  that  usually  allowable  on  a  go«l  sul>soiI.  There  is 
therefore  but  little  dangir  that  the  subsoil  will  be  cnishe<l  and  that 
the  wall  will  lip  over  bodily  on  account  of  the  failure  of  the  sul>soil. 
yince  the  line  of  prcs^un-  i.s  likewise  two  feet  bjuk  of  the  t<K-  of  the 
wall,  then^isnodangcT  that  (he  wall  will  tip  over  around  its  toe.  The 
accuracy  with  which  these  calculations  have  been  carried  out  should 
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not  lead  to  the  idea  that  the  pressures  will  necessarily  be  exactly  as 
stated,  since  the  calculations  are  based  on  assumptions  which  are  at 
the  best  very  doubtful,  but  which,  as  previously  stated,  are  probably 
excessively  safe. 

The  form  chosen  for  this  wall  is  also  so  simple  that  a  purely 
numerical  calculation  was  the  easiest  and  most  satisfactory  method. 
If  the  shape  of  the  wall  had  been  more  irregular,  it  would  have  Ix;cn 
easier  to  adopt  the  graphical  method  for  the  determination  both  of 
the  center  of  gravHty  of  the  wall  and  of  the 
resultant  pressure  on  the  subsoil.  For  in- 
stance, if  the  rear  face  of  the  wall  had  been 
inclined,  the  line  of  pressure  would  have 
been  drawn  perpendicular  to  the  rear  face 
and  through  a  point  at  one-third  the  height 
of  the  wall.  The  position  of  the  center  of 
gravity  of  the  wall  would  have  been  de(er- 
inine<l  by  the  purely  graphical  method  of 
detennining  the  center  of  gravity  of  a  trap- 
ezoid; and  then  the  amount,  direction,  and 
intersection  of  the  resultant  with  the  base 
of  the  wall  would  have  been  determined  by  ^^if'^,  ^"X^tTouii-^' 
purely  graphical  methods. 

228.  Empirical  Rules.  On  account  of  the  unsatisfactory  nature 
of  theoretical  calculations,  retaining  walls  arc  usually  huilt  by  the 
application  of  purely  empirical  rules.  Traufwine  recommends  that 
for  a  wall  of  cut  stone  or  of  first-class  large  ranged  rubble  in  mortar, 
the  thickness  should  be  .35  of  its  vertical  height.  For  a  good  common 
mortar  rubble  or  brick,  the  thickness  shoulil  Ite  ,4,  and  for  a  dry  wall 
-.5,  of  the  height.  Military  engineers  who  have  a  very  extensive 
experience  in  constructing  retaining  walls  as  a  f<'ature  of  fortification 
work,  use  a  nde  giving  much  less  thickness  than  this,  and  make  it 
depend  on  the  batter  of  the  wall.  The  thickness  at  the  base  in  pro- 
portion to  the  height,  is  as  follows: 

Oen.  Pansbawe's  Rule  for  Thickness  of  Retainint;  Walls 


Batter 

1 

' 

2fi% 

28',:; 

i, 

307,. 

Vertical 

Babe  -^  Hbioht 

24% 

2S% 

32% 
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The  fact  that  experience  has  shown  that  the  aljove  proportions 
are  usually  safe,  provided  that  the  subsoil  is  sufficiently  hard,  is 
another  proof  that  the  assumptions  made  in  the  problem  worke<l  out 
above  are  excessively  safe,  since  Fanshawe's  rule  would  have  required 
a  ratio  of  base  to  height  of  only  24  per  cent,  while  the  ratio  chosen  for 
the  problem  was  40  per  cent, 

229.  Failure  of  Retaining  Walls.  It  is  a  significant  fact  that 
a  retaining  wall  may  apparently  withstand  the  pressure  against  it  for 
a  period  of  several  years,  and 
may  then  slowly  and  gradually 
fail.  This  is  sometimes  due  to 
the  action  of  frost  on  the  soil 
behind  the  wall.  The  water  ac- 
cumulates behind  the  wall  in  the 
early  winter,  and,  if  it  is  unable 
to  drain  away,  may  freeze,  ex- 
pand, and  exert  a  pressure  on 
the  wall  which  forces  it  out.  One 
great  precautionary  feature  in 
the  construction  of  retaining 
walls  is  to  place  drain-pipe.s 
through  the  wall  at  sufficient  in- 
ten'als  so  that  water  cannot  ac- 
ihe  wall.  The  gradual  failure  of 
walls  may  also  be  due  to  the  undermining  and  weakening  of  the  sul)- 
soil,  which  makes  it  unable  to  resist  the  concentrated  pressure  on  the 
toe  of  the  wall.  Faulty  construction  and  the  violation  of  the  ordinary 
rules  of  good  masuury  work — the  latter  Wing  sometimes  done  with 
the  idea  that  anything  is  good  enough  for  a  retaining  wall — are  also 
responsible  for  some  failures,  since  they  prevent  tlie  Ixnly  of  the  wall 
from  acting  as  a  unit  in  resisting  a  tendency  to  (ivertum. 

The  tendency  to  slide  outwjini  ul  the  l>ottom,  and  even  the 
tendency  to  overturn,  may  Ik'  mulerisilly  resisted  by  making  the  lower 
course  with  the  joints  inclineil  towani  the  rear.  This  method  of 
construction  is  all  the  more  logical,  since  it  makes  the  joints  nearly 
perpendicular  to  the  line  of  pre.s.sure.  In  fact,  the  hne  of  pressure  is 
really  a  cuiTe<l  line  wliieli  is  more  nearly  vertical  toward  the  top  of  the 
wall,  and  more  and  more  inclined  to  the  horizontal  toward  the  bottom 
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of  the  wall.  The  recognition  of  this  principle  has  sometimes  resulted 
in  designing  retaining  walls  on  the  principle  illustrated  in  Fig.  (>9, 
■which  is  somewhat  similar  to  a  section  of  an  arch  set  on  end.  Such 
curved  outlines,  of  course,  are  more  expensive,  and  are  sometimes 
inconv'enient,  and  for  that  reason  are  but  seldom  adopted. 

A  detail  which  is  frequently  adopted  in  the  design  of  retaining 
walb,  is  to  use  what  is  virtually  a  batter  to  the  rear  face  of  the  wall, 
but  to  accomplish  this  by  a  series  of  steps  on  the  rear  of  the  wall. 
This  not  only  per-  .  ^     ^ 

mits    the     use    of  - 

rectangular  blocks 
of  stone  and  the 
employment  of  ver- 
tical joints,  but  also 
adds  considerably 
to  the  stability  of 
the  wall,  since  the 
vertical  pressure  of 
the  earth  on  the 
horizontal  steps 
adds  considerably 
to  the  resistance  to 
overturning.  In 
Fig,  70  is  shown  a  design  for  a  retammg  wall  made  to  support  a 
railway  embankment  \n  a  location  where  the  naUirul  surface  wa^  so 
steep  that  the  eml>ankment  would  not  readd>  obtain  sufficient  sup- 
port. Although  this  use  of  a  retaining  wall  is  somewhat  special,  the 
general  outline  of  the  design  not  only  conforms  to  the  standards  on 
that  railroad,  but  represents  good  practice  and  is  an  illustration  of 
many  of  the  points  referred  to  above.  It  should  be  noted  that  in  this 
case  the  total  width  <if  the  base  of  the  wall  is  nearly  one-half  the  height. 

BRIDGE  PIERS  AND  ABUTMENTS 
230.     Placing  of  Piers.    The  outline  design  of  a  long  bridge 
which  requires  several  spans,  involves  many  considerations: 

(1)  If  the  river  is  navigable,  at  least  one  de<'p  and  wide  chiniml 
must  be  left  for  navigation.  The  placing  of  piers,  the  dear  height 
of  the  spans  above  high  water,  and  the  general  plan:^  of  all  bridges 
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over  navigable  rivers,  are  subject  to  the  approval  of  the  United  States 
Government. 

(2)  A  long  bridge  always  requires  a  solution  of  the  general 
question  of  few  piers  and  long  spans,  or  more  piers  and  shorter  spans. 
No  general  solution  of  the^question  is  possible,  since  it  depends  on  the 
recjuired  clear  height  of  the  spans  above  the  water,  on  the  required 
depth  below  the  water  for  a  suitable  foundation,  and  on  several  other 
conditions  (such  as  swift  current,  etc.)  which  would  influence  the 
relative  cost  of  additional  piers  or  longer  spans.  Each  case  must  be 
decided  according  to  the  particular  circumstances  of  the  case. 

(3)  Even  the  general  location  of  the  line  of  the  bridge  is  often 
determined  by  a  cart»ful  comparison,  not  only  of  several  plans  for  a 
given  crossing,  but  even  a  comparison  of  the  plans  for  several  locations. 

231 .  Usual  Sizes  and  Shapes  of  Piers.  The  requirements  for  the 
bridge  seats  for  the  ends  of  the  two  spans  resting  on  a  pier,  are  usually 
such  that  a  pier  with  a  top  as  large  as  thus  required,  and  with  a  proper 
batter  to  the  faces,  will  have  all  the  strength  necessary  for  the  external 
forces  acting  on  the  pier.  For  example,  the  channel  pier  of  one  of  the 
large  railroad  bridges  crossing  the  Mississippi  River  was  capped  by  a 
course  of  stonework  14  feet  wide  and  29  feet  long,  besides  two  semi- 
circles with  a  radius  of  7  feet.  The  footing  of  this  pier  wa^  30  fei^t 
wide  by  70  feet  long,  and  the  total  height  from  subsoil  to  top  was 
al^out  170  feet.  This  pier,  of  course,  was  unusually  large.  For 
trusses  of  shorter  span,  the  bridge  seats  are  correspondingly  smaller. 
The  elements  which  affect  stability  are  so  easily  computed  that  it  is 
always  pr()j)er,  as  a  matter  of  precaution,  to  test  every  pier  designed 
to  fulfil  the  other  usual  recjuirements  to  see  whether  it  is  certainly  safe 
against  certain  possil^le  methods  of  failure.  This  is  especially  true 
when  tli(^  piers  are  unusually  high. 

The  recjuirements  for  supporting  the  truss  are,  fortunately,  just 
such  as  give  the  pier  the  most  favorable  formation  so  that  it  offers 
the  least  obstruction  to  the  flow  of  the  current  in  the  river.  In  other 
words,  since  the  normal  condition  is  for  a  bri<lge  to  cross  a  river  at 
right  angles,  the  bridge  piers  are  always  comparatively  long  (in  the 
direction  of  the  riv(^r)  and  narrow  in  a  direction  perpendicular  to  the 
flow  of  the  current.  Tlie  rectangular  shape,  however,  is  modified 
by  making  both  the  upper  and  the  lower  en<ls  pointed.  The  jx)inting 
of  the  upper  en<l  serves  the  double  pur[)osc^  of  deflecting  the  current. 
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and  thus  offers  less  resistance  to  the  flow  of  the  water;  and  it  also 
deflects  the  floating  ice  and  timber,  so  that  there  is  less  danger  of  the 
fonnation  of  a  jam  during  a  freshet.  The  lower  end  should  also  be 
pointed  in  order  to  reduce  the  resistance  to  the  flow  of  the  water. 
TTie  ends  of  the  piers  are  sometimes  made  semicircular,  but  a  better 
plan  is  to  make  them  in  the  form  of  two  arcs  of  circles  which  intersect 
at  a  point. 

232.  Possible  Methods  of  Failure.  The  forces  tending  to  cause 
a  bridge  pier  to  fail  in  a  direction  perpendicular  to  the  line  of  the 
bridge,  include  the  action  of 
wind  on  the  pier  itself,  on  the 
trusses,  and  on  a  train  which 
may  be  crossing  the  bridge. 
They  will  also  include  the  max- 
imum possible  effect  of  floating 
ice  in  the  river  and  of  the  cur- 
rent due  to  a  freshet.  It  is  not 
at  all  improbable  that  all  of 
these  causes  may  combine  to 
act  together  simultaneously. 
The  least  favorable  condition 
for  resisting  such  an  effect  is 
that  produced  by  the  weight  of 
the  bridge,  together  with  that 
of  a  train  of  empty  cars,  and 
the  weight  of  the  masonry  of 
the  pier  above  any  joint  whose 
stability  is  in  question.  The 
effects  of  wiiid,  ice,  and  current  will  tend  to  make  the  masonry 
slide  on  the  horizontal  joints.  They  will  also  increase  the  prt^ssure 
on  the  subsoil  on  the  downstream  end  of  the  foundation  of  a  pier. 
They  will  tend  to  crush  the  masonry  on  the  downstream  side,  and 
will  tend  to  tip  the  pier  over. 

Another  possible  method  of  failure  of  a  bridge  pier  arises  from 
forces  parallel  with  the  length  of  the  bridge.  The  stress  produced  on 
a  bridge  by  the  sudden  stoppage  of  a  train  thereon,  combined 
with  a  wind  pressure  parallel  with  the  length  of  the  bridge*,  will  tend 
to  cause  the  pier  to  fail  in  that  direction  (see  Fig.  71).     Although 
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these  forces  are  never  so  great  as  the  other  external  forces,  yet  the 
resisting  power  of  the  pier  in  this  direction  is  so  very  much  less  than 
that  in  the  other  direction,  that  the  factor  of  safety  against  failure 
is  probably  less,  even  if  there  is  no  actual  danger  under  any  reason- 
able values  for  these  external  forces. 

233.  Abutment  Piers.  A  pier  is  usually  built  comparatively 
thin  in  the  direction  of  the  line  of  the  bridge,  because  the  forces  tend- 
ing to  produce  overturning  in  that  direction  are  usually  very  small. 
When  a  series  of  stone  arches  are  placed  on  piers,  the  thrusts  of  the 

two  arches  on  each  side  of  a  pier 
nearly  balance  each  other,  and  it 
is  only  necessary  for  the  pier  to 
l>e  sufficiently  rigid  to  withstand 
the  effect  of  an  eccentric  loading 
on  the  arches;  but  if,  by  any  ac- 
cident or  failure,  one  arch  is  de- 
stroyed, the  thrust  on  such  a 
pier  is  unbalanced  and  the  pier 
will  probably  be  overturned  by 
the  unbalanced  thrust  of  the  ad- 
joining arch.  The  failure  of  tha  t 
arch  would  similarly  cause  the 
failure  of  the  succeeding  pier  and  arch.  On  this  account  a  very 
long  stories  of  arches  usually  includes  an  abutment  pier  for  every 
fourth  or  fifth  pier.  An  abutment  pier  is  one  which  has  sufficient 
thickness  to  withstand  the  thrust  of  an  arch,  even  though  it  is  not 
balanced  by  the  thrust  of  an  arch  on  the  other  side  of  the  pier. 
Abutment  piers  are  chiefly  for  arch  bridges;  but  all  piers  should 
have  sufficient  rigidity  in  the  direction  of  the  line  of  the  bridge 
so  that  any  jX)ssil)le  thrust  which  may  come  from  the  action  of  a  truss 
of  the  bridge  may  he  resisted,  even  if  there  is  no  counterbalancing 
thrust  from  an  adjoining  truss. 

234.  Abutments.  Tlie  term  abutment  usually  implies  not  only 
a  support  for  the  bridge,  but  also  what  is  virtually  a  retaining  wall 
for  the  bank  behind  it.  In  the  ease  of  an  arch  bridge,  the  thrust  of 
the  arch  is  invarial)lv  so  m.wi  that  then*  is  never  anv  chance  that  the 
pressure  of  the  earth  Ix^hind  the  abutment  will  throw  the  abutment 
over,  and  therefore  the  abutment  never  needs  to  be  designed  as  a 


Fig.  7'3.    Typical  Abutment  with  Flaring 
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retaining  wall  in  this  case;  but  when  the  abutment  supports  a  tniss 
bridge  which  does  not  transmit  any  horizontal  thrust  through  the 
bridge,  the  abutment  must  be  designed  as  a  retaining  wall.  The 
:M>nditions  of  stability  for  such  structures  have  already  been  discussed. 
This  principle  of  the  retaining  wall  is  especially  applicable  if  the 
Abutment  consists  of  a  perfectly  straight  wall.  There  are  other  forms 
of  abutments  which  tend  to  prevent  failure  as  a  retaining  wall,  on 
Buxx>unt  of  their  design. 

235.  AbtUments  with  Flaring  Wing   Walls.    These  are  con- 
structed substantially  as  shown 

in  Fig.  72.   The  wing  walls  make 

an  angle  of  about  30°  to   45° 

with   the  face  of  the  abutment, 

and  the  height  decreases  at  such 

a  rate  that  it  will  just  catch  the 

embankment  formed  behind  it, 

the  slopes  of   the  embankment 

probably  being  at  the   rate  of 

1.5:1.     If  the  bonding   of    the 

wing    walls,  and  especially  the 

bonding  at  the  junction  of  the     - 

wing  walls  with  the  face  of  the 

abutment,  are  properly  done,  the 

wing  walls  will  act  virtually  as 

counterforts  and  will  materially 

assist   in   resisting   the   overturning   tendency  of   the   earth.     The 

assistance  given  by  these  wing  walls  will  be  much  greater  as  the 

angle  between  the  wing  walls  and  the  face  becomes  larger. 

236.  U-Shaped  Abuiments,  These  consist  of  a  head  wall  and 
two  walls  which  run  back  perpendicular  to  the  head  wall  (sec  Fig.  73). 
This  form  of  wall  is  occasionally  used,  but  the  occasions  are  rare 
when  such  a  shape  is  necessary  or  desirable. 

237.  T'Shaped  Abutments,  As  the  name  implies,  these  consist 
of  a  head  wall  which  has  a  core  wall  extending  perpendicularly  back 
from  the  center.  The  coa*  wall  serves  to  tie  the  head  wall  and  prevent 
its  overturning.  Of  course  such  an  effect  can  Ix?  produced  only  by 
the  adoption  of  great  care  in  the  construction  of  the  wall,  so  that  the 
bonding  is  very  perfect  and  so  that  the  wall  has  very  considerable 
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tensile*  strength ;  othen^nse  the  core  wall  could  not  resist  the  overturn- 
ing tendency  of  the  earth  pressure  against  the  rear  faceof  the  abutment. 

CULVERTS 

238.  The  term  culvert  is  usually  applied  to  a  small  waterway 
which  passes  under  an  embankment  of  a  railmad  or  a  highway.  The 
term  is  confined  to  waterways  which  are  so  small  that  standard  plans 
are  prepared  which  depend  only  on  the  assumed  area  of  waten^'ay 
that  is  required.  Although  the  term  is  sometimes  applied  to  arches 
having  a  span  of  10  or  15  feet,  or  even  more,  the  fact  that  the  struc- 
tures are  built  according  to  standanl  plans  justifies  the  use  of  the 
term  culvert  as  distinguished  from  a  structure  crossing  some  perennial 
stream  where  a  special  design  for  the  location  is  made.  The  term 
culvert  therefore  includes  the  drainage  openings  which  may  be  needed 
to  drain  the  hollow  on  one  side  of  an  embankment,  even  though  the 
culvert  is  normally  dry. 

239.  Various  Types  of  Culverts.  Culverts  are  variously  made 
of  cast  iron,  wrought  iron,  and  tile  pipe,  wood,  stone  blocks  with  large 
cover-plates  of  stone  slabs,  stone  arches,  and  plain  and  reinforced 
concrete;  still  another  variety  is  made  by  building  two  side  walls  of 
stone  and  making  a  cover-plate  of  old  rails. 

240.  Culverts  made  of  wood  should  l)e  considennl  as  temporary, 
on  account  of  the  inevitable  decay  qf  the  wood  in  the  course  of  a  few 
years.  ^Vhen  wood  is  used,  the  area  of  the  opi'uing  should  be  made 
much  larger  than  that  actually  rc^quin^d,  so  that  a  more  permanent 
culvert  of  sufficient  size  may  be  constructed  inside  of  the  wooden 
culvert  Iwfon*  it  has  decayed.  For  present  pur{X)ses,  the  discussion 
of  the  subject  of  Culverts  will  be  limited  to  those  built  of  stone  and 
concrete. 

241.  Stone  Box  Culverts.  The  choice  of  stone  as  a  material  for 
culverts  should  deixnid  on  the  possibility  of  obtaining  a  good  quality 
of  building  stone  in  the  immediate  neighborhood.  Frequently 
temporary  trestles  are  used  when  good  stone  is  unobtainable,  with 
the  idea  that  after  the  railroad  is  completed,  it  will  be  possible  to 
transport  a  suitable  (juality  of  building  stone  from  a  distance  and 
build  the  culvert  under  the  tnvstle.  The  engineer  should  avoid  the 
mistake  of  using  a  ]>oor  (piality  of  building  stone  for  the  construction 
of  even  a  culvert,  simply  In'causi*  such  a  stone  is  readily  obtainable. 
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Snoe  a  culvert  always  implies  a  stream  of  wuUt  whicli  will  have  a 
soottring  action  during  floods,  it  is  essential  that  the  side  walls  of 
culverts  ^umld  have  an  ample  foundation,  which  is  sunk  to  such  a 
depth  tlutt  there  is  no  danger  that  it  will  he  undermined.  There  are 
caaes  whese  a  bed  of  quicksand  has  l)een  encountered,  and  where  the 
cost  of  esBcavating  to  a  firmer  soil  would  Ixr  vrrv  Iar^(\  In  such  a 
caae,  it  is  generally  possible  to  obtain  a  sufficient  foundation  hy  con- 
structing a  platform  or  grillage  of  timlxr  which  underlies  the  entin* 
culvert*  beneath  the  floor  of  the  culvert.  Of  course,  timl)er  should 
not  be  used  for  the  foundation,  except  in  cases  where  it  will  always  Ix? 
underneath  the  level  of  the  ground-water  and  will  then»f()n»  always 
be  wet.  If  the  soil  has  a  character  such  that  it  will  Ix?  easilv  scoured, 
the  floor  of  the  culvert  l)etween  the  side  walls  should  Ix*  paved  with 
large  pebbles,  so  as  to  protect  it  from  scouring  action.  At  both  ends 
of  the  culvert,  there  should  always  lx»  built  a  vertical  wall  which  should 
run  from  the  floor  of  the  culvert  down  to  a  depth  that  will  certainly 
be  below  any  possible  scouring  influ(Mice,  in  onler  that  the  side  walls 
and  the  flooring  of  the  culvert  cannot  |x>ssil)ly  Im*  undermined. 

The  above  specifications  apply  to  all  forms  of  stonc^  culverts,  and 
even  to  arch  culwrts,  except  that  in  the  case  of  the  larg(»r  arch  cul- 
verts the  precautions  in  these  resjx»cts  should  Ix'  corn\spondinglv 
observed.  When  stone  culverts  nrv  built  with  vertical  side  walls 
which  are  from  2  to  4  feet  apart,  they  are  s<mietinies  capjx^d  with  large 
flagstones  covering  the  span  lx*twei»n  the  walls.  The  thickness  of 
the  cover-stone  is  sometimes  cletiTmined  hy  an  assumption  as  to  tlu* 
transverse  strength  of  the  stone,  and  by  applying  thi»  ordinary  theory 
of  flexure.  The  application  of  this  theory  deyxMids  on  thv  assumption 
that  the  neutral  axis  for  a  rectangular  s«»ction  is  at  the  center  of  depth 
of  the  stone,  and  that  the  modulus  of  elastieitv  for  t(Mision  and  com- 
pression  is  the  same.  Although  these  assumptions  are  practically 
true  for  steel  and  even  wocxl,  they  an*  far  from  lH»ing  true  for  stone. 
It  Is  therefore  improper  to  apply  the  theory  of  flcxuiv  to  stone  slabs, 
except  on  the  basis  of  mcxiuli  of  niptun*  which  have  Urn  exjx^ri- 
mentally  determined  from  sjx*cimens  having  suhstantially  the  same 
thickness  as  the  thickness  pn>|x»seil.  Also,  on  aecrount  of  the  varia- 
bility of  the  actual  strength  of  stones  though  nominally  of  the  same 
quality,  a  very  large  factor  of  safety  over  the  supposed  ultimate 
strength  of  the  stone  should  lx»  usi^l. 
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The  maximum  moment  at  the  center  of  a  slab  one  foot  wldt* 
equals  J  Wl,  in  which  W  equals  the  total  load  on  the  width  of  one  foot 
of  the  slab,  and  /  equals  the  span  of  the  slab,  in  feet;  but  by  the  prin- 
ciples of  Mechanics,  this  moment  equals  J  Rk^,  in  which  R  equals  the 
modulus  of  transverse  strength,  in  pounds  per  square  foot;  and  h  equals 
the  thickness  of  the  stone,  in  ferf.  Placing  these  two  expressions 
equal  to  each  other,  and  solving  for  h,  we  find : 


A«  = 

6 

'8 

v" 

Wl 
R 

h  = 

^    Wl 

r  R 

(8) 


242.  Example.  Assume  that  a  culvert  is  covered  with  0  feet 
of  earth  weighing  1(X)  pounds  per  cubic  foot.  Assume  a  live  load  on 
top  of  the  embankment  equivalent  to  500  pounds  per  square  foot, 
in  addition;  or  that  the  total  load  on  the  top  of  the  slab  is  equivalent 
to  1,100  pounds  per  scjuare  foot  of  slab.  Assume  that  the  slab  is  to 
have  a  span  (/)  of  4  feet.  Then  the  total  load  IF  on  a  section  of  the 
slab  one  foot  wide,  will  be  1,100  X  4  =  4,400  pounds.  Assume  that 
the  stone  is  sandstone,  with  an  average  ultimate  modulus  of  525 
pounds  per  square  inch  (see  Table  XII),  and  that  the  safe  value  R  is 
assumed  to  be  55  pounds  per  square  inch,  or  144  X  55  pounds  per 
square  foot.  Substituting  these  values  in  the  above  equation  for  h, 
we  find  that  h  equals  1.29  feet,  or  15.5  inches. 

The  above  problem  has  l>een  worked  out  on  the  basis  of  the  live 
load  which  would  Ixj  found  on  a  railroad.  For  highways,  this  could 
Im?  correspondingly  d(»creased.  It  should  Ix*  noted  that  in  the  alx)ve 
formula  the  thickn(\ss  of  the  stone  h  varies  as  the  square  root  of  the 
span;  then»fore,  for  a  span  of  '^  f(»et  (other  things  l)eing  the  same  as 

above),  the  thickness  of  the  stone  h  equals  15.5  X  xl-    =13.4  inches. 

4  — 

I  2 
For  a    span    of    2    f(vt,  the  thickness    should  be  15.5  X  x^  —  = 

1 1 .0  inches. 

Owing  to  the  uncertainty  of  the  true  transverse  strength  of 

building  stone,  as  has  already  been  discussed  in  the  design  of  Offsets 

for  Footings  (see  sections  181-183),  no  precise  calculation  is  possible; 

and  then*fore  many  box  culverts  are  made  according  to  empirical 

rules,  which  dictate  that  the  thickness  shall  l)e  as  follows: 
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For  a  2-foot  span,  10  inches: 
For  a  3-foot  span,  13  inches; 
For  a  4-foot  span,  15  inches. 

These  values  are  slightly  less  than  those  computed  above. 

Although  a  good  quality  of  granite,  and  especially  of  bluestonc 
flagging:,  will  stand  higher  transverse*  stresses  than  tlicxst*  given  above 
for  sandstone,  the  rough  rules  just  cjuoted  are  more  often  used,  and 
arc,  of  course,  safer.  When  it  is  <lesired  to  test  the  safety  of  stone 
already  cut  into  slabs  of  a  given  thickness,  their  strength  may  be 
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Pig.  74.    Double  Box  Culvert. 

computed  from  Equation  S,  using  the  valuers  for  transverse*  str(\ss<\s 
SIS  already  given  in  Table  XII. 

243.  Double  Box  Culverts.  A  1k)x  culvert  with  a  stone  top  is 
gi»nerally  limitetl  by  practice  to  a  sjmn  of  4  ftn^t,  although  It  would, 
of  course*,  l)e  possible  to  obtain  thicker  stones  which  would  siifely 
carry  the  load  over  a  considerably  greater  span.  Ther(^for(%  when 
the  required  culvert  area  demands  a  greater  wi<lth  of  ofx^ning  than  4 
feet,  and  when  this  tj'pe  of  culvert  is  to  Ix^  used,  the  culvert  may  be 
made  as  illustrated  in  Fig.  74,  by  constructing  an  intermediate  wall 
which  supports  the  ends  of  the  two  sets  of  cover-stones  forming  the 
top,  A  section  and  elevation  of  a  double  lx)x  culvert  of  3  feet  span 
and  a  net  height  of  3  feet,  is  shown  in  Fig.  74.  This  figure  also  gives 
details  of  the  wing  walls  and  end  walls.  The  double  box  culvert 
illustrated  in  Fig.  75  has  two  spans,  each  of  4  feet.  The  stone  used 
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was  a  good  quality  of  Hnn'stoiip.     The  cover-stones  were  made  l8 
inches  thick. 

244.  End  Walls.  The  ends  of  a  culvert  are  usually  expande<l 
inlo  end  walls  for  the  retention  of  the  embankment.  For  the  larger 
culverts,  this  may  develop  into  two  wing  walls  which  act  a«  retaining 
walls  to  prevent  the  eml>ankmeii1  from  falling  over  into  the  bed  of  the 
stream.  An  end  wall  is  especially  necessary  on  the  upstream  end  of 
the  culvert,  so  a.s  to  avoid  the  danger  that  the  stream  will  sconrthe  | 


riB.  TO.     Double  Rni  Culv-rt,  1  hv  SF.kiI. 

Iwrik  and  work  its  way  U^hind  the  culvert  walls.  The  en.l  wall  is 
also  earrtcij  up  alxive  the  height  of  ihe  top  of  the  enlvert,  s 
guard  still  further  against  the  washing  of  earth  fn>m  the  emlwnk' 
ment  over  the  end  of  the  culvert  into  the  stream  below.  All  of  thee 
details  are  illustrated  in  the  figures  shown. 

Box  culverts  are  sometimes  constructed  iv-s  rfry  tnasoniy — that  is," 
without  the  use  of  mortar.     This  should  ne\er  he  done,  except  for 
very  small  culverts  and  when  the  stones  are  so  large  and  regular  thiit 
they  fonn  clu,se,  .■solid  walls  with  eomparatiwly  small  joints.     A  dry 
wall  made  up  of  irregular  stones  cannot  withstand  the  thrusts  whic 
are  usually  exerte<l  by  the  subse<|uent  e.\{)ansion  of  the  earth  emluinl 
ment  abore  it. 
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245.  Plain  Concrete  Culverts.  Culverts  may  he  made  of  plain 
concrete,  either  in  the  box  form  or  of  an  arched  type,  and  having  very 
much  the  same  general  dimensions  as  those  already  given  for  stone 
box  culverts.  They  have  a  great  advantage  over  stone  culverts  in 
that  they  are  essentially  monoliths.  If  the  side  walls  and  top  are 
formed  in  one  single  operation,  the  joint  between  the  side  walls  and 
top  becomes  a  source  of  additional  strength,  and  the  culverts  are 
therefore  much  better  than  similar  culverts  made  of  stone.  ITie 
formula  developed  shove  (Equation  8)  for  the  thickness  of  the  a)n- 
crete  slab  on  top  of  a  box  culvert,  may  be  used,  together  with  the 
modulus  of  transverse  strength  as  given  for  concrete  in  Table  XII. 
This  formula  will  apply,  even  though  the  slab  for  the  cover  of  the 
culvert  is  laid  after  the  side  walls  are  built,  and  the  slab  is  considen^l 
as  merely  resting  on  the  side  walls.  If  the  side  walls  and  top  are 
constructed  in  one  operation  so  that  the  whole  structure  is  actually 
a  mofiolithy  it  may  be  considered  tliat  there  is  that  much  additional 
strength  in  the  structure;  but  it  would  hardly  be  wise  to  reduce  the 
thicknesB  of  the  concrete  slab  by  depending  upon  the  continuity  Ix^- 
tween  the  top  and  the  sides. 

246.  Arch  Culverts*  Stone  arches  an»  frequently  used  for 
culverts  in  cases  where  the  span  is  not  great,  and  in  which  the  design 
of  the  culvert  (except  for  some  small  details  regarding  the  wing  walk) 
depends  only  on  the  span  of  the  culvert.  The  design  of  some  arch 
culverts  used  on  the  Atchison,  Topeka  &  Santa  F^  Railroad  (see  Fig. 
76,  and  also  Fig.  74)  is  copied  from  a  paper  presented  to  the  Amer- 
ican Society  of  Civil  Engineers  by  A.  G.  Allan,  Asso.  Mem.  Am.  Soc. 
C.  E.  The  span  of  these  arches  is  14  feet,  and  the  thickness  at  the 
crown  is  18  inches.  A  photograph  of  one  of  these  arch  culverti>, 
which  shows  also  many  other  details,  is  reproduci'd  in  Fig.  77. 

CONCRETE  WALKS 

247.  Drainage  of  Foundations.  The  excavation  should  Ix^ 
made  to  a  sufficient  depth  so  as  to  get  below  the  frost  line.  The 
ground  should  be  tamped  thoroughly,  and  the  excavation  filled  with 
cinders,  broken  stone,  gravel,  or  brickbat,  to  within  four  inches  (or 
whatever  thickness  of  slab  is  to  lx»  used)  of  the  toj)  of  the  grade.  The 
foundation  should  be  thon)ughly  r.immed,  an<l  by  using  gravel  or 
cinders  to  make  the  foundation,  a  very  firm  surface  can  be  secured 
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Side  drains  should  be  put  in 
at  convenient  inten-als  where 
outlets  can  be  secured.  The 
foundation  is  sometimes 
omittwl,  even  in  cold  cli- 
mates, if  the  soil  is  porous. 
Walks  laid  on  the  natural 
soils  have  proven  in  many 
cases  to  be  very  satisfactor}\ 
At  the  Convention  of  the 
National  Cement  Users'  As- 
sociation, held  at  Buffalo, 
N.  Y.,  January  21  to  23, 
1008,  the  Committee  on  Side- 
walks, Streets,  and  Floors 
presented  the  following  speci- 
fications for  sidewalk  founda- 
tions: 

'The  ground  base  shall  bo 
made  as  solid  and  permanent  as 
possible.  Where  excavations  or 
fills  are  made,  all  wood  or  other 
materials  which  will  decom|)ose 
shall  be  removed,  and  replaced 
with  earth  or  other  filHng  like 
the  rest  of  the  foundation.  Fills 
of  clay  or  other  material  which 
will  settle  after  heavy  rains  or 
deep  frost,  should  be  tampe<l, 
and  laid  in  layers  not  more  than 
six  inches  in  thickness,  so  as  to 
insure  a  solid  embankment  which 
will  remain  firm  after  the  walk 
is  laid.  Kmbankments  should 
not  be  less  than  2V  feet  wider 
than  the  walk  which  is  to  be 
laid.  AVhen  porous  materials, 
such  as  coal  ashes,  granulated 
slag,  or  gravel,  are  used,  under- 
ilrains  of  tile  should  be  laid  to 
flu*  curb  drains  or  gutters,  so  as 
to  prcvrnt  water  accumulating 
and  freezing  under  the  walk 
and  breaking  the  block." 
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248.  Concrete  Base.  The  concrete  for  the  base  of  walks  is 
usually  composed  of  1  part  Portland  cement,  3  parts  sand,  and  5 
parts  .stone  or  gravel.  Sometimes,  however,  a  richer  mixture  is  u-seil, 
consisting  of  1  part  cement,  2  parts  sand,  and  4  parts  broken  stonr; 
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but  this  mixtun'  seems  tu  Iw  richer  than  what  is  fjc  lie  rally  n'(|iiin'd. 
Tlie  concrete  should  lie  thoroughly  mixed  and  ranuncd,  and  cnl  iiilo 
uiiiff>mi  hl(K'ks.  See  Fi)i.  7x,  The  size  of  tlie  broken  slonv  or 
fjmvcl  should  not  l)e  larger  than  one  inch,  ■ 
inj:  in  sia' down  to  J  inch,  ami  free  fn>m  fine 
.screenings  or  soft  stone.  All  stone  or  gravel 
under  J  inch  is  cnn-sidertsl  sand. 

The  thickness  of  die  concrete  ba.se 
|>cnii  upon  the  location,  the  amount  of  travel, 
(»r  the  dangi-r  of  lieing  broken  by  frost.  The 
usual  thickness  in  residence  districts  is  3  inches, 
with  a  wearing  thickness  of  1  inch,  making  a 
total  of  4  inches.  In  business  .sections,  the 
walks  vary  from  four  to  .six  inches  in  total 
tile  Knishinff  coat  sliouki  n<)t  U-  less  then  IJ 
cuntn'tc  base  is  cut  into  uniform  blocks. 
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The  lines  and  grades  f^ven  for  walks  by  the  Engineer,  should  be 
carefully  followed.  The  mould  strips  should  be  tirmly  blocked  and 
kept  perfectly  strai^t  to  the  height  of  the  grade  given.  The  walks 
usually  are  laid  with  a  slope  of  \  inch  to  the  foot  toward  the  curb. 


The  blocks  arc  usually  from  four  to  six  feet  square,  but  some- 
times they  are  made  much  larger  than  these  dimensions.  The  joints 
made  by  cutting  the  concrete  should  be  filled  with  dry  sand,  and  the 
exact  location  of  tln'se  joints  should  be  marked  on  the  forms.  The 
cleaver  or  spud  thai  is  us(^'d  in  making  the  joints  should  not  be  less 
than  J  of  !L]i  inch  or  over  J  of  an 
inch  in  thickness. 

249.  Top  Surface.  The  wear- 
ing surface  usually  consists  of  1 
part  Portland  cement  and  2  parts 
crushed  stone  or  good,  coarse 
sand,  all  of  which  will  pass 
through  a  J-inch  mesh  screen — 
thoroughly  mixed  so  as  to  secure 
a  uniform  color.  This  mi.tture 
i.s  then  spread  over  the  concrete 
base  to  a  thickness  of  one  inch, 
liiis  Ix'ing  done  before  the  con- 
trite iif  the  base  has  si't  or  Ix"- 
conie  covereil  wiili  dust.  The  mortar  is  leveled  off  with  a  straight 
edge,  and  smoothed  down  with  a  Hoat  or  trowel  after  the  sur- 
face' water  has  l>eeri  absoHx-d.  The-  exact  lime  at  which  the 
surface  should  U-  Hnaled  dejx'nds  upon  the   setting  of   the  cement, 
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and  must  be  dt^termincd  by  the  workmen;  but  the  final  floating 
is  not  usually  performed  until  the  mortar  has  been  in  place 
from  two  to  five  hours  and  is  partially  set.  This  final  floating 
is  done  first  with  a  wooden  float,  and  afterwards  with  a  metal  float  or 
trowel.  The  top  surface  b  then  cut  directly  over  the  cuts  made  in  the 
base,  care  being  taken  to  cut  entirely  through  the  top  and  base  all 
around  each  block.  The  joint  is  then  finished  with  a  jointer,  Fig. 
80,  and  all  edges  rounded  or  beveled.  Care  should  be  taken  in  the 
final  floating  or  finishing,  not  to  overdo  it,  as  too  much  working  will 
draw  the  cement  to  the  surface,  leaving  a  thin  layer  of  neat  cement. 


which  is  likely  to  peel  of!.  Just  l)efore  the  floating,  a  very  thin  laver 
of  dn/er  consisting  of  dry  cement  and  sand  mixed  in  the  proportion 
of  one  to  one,  or  even  richer,  is  frequently  spread  over  the  surface; 
but  this  is  generally  undesirable,  as  It  tends  to  make  a  glossy  walk.  A 
dot  roller  or  line  roller.  Figs.  81  and  82,  may  be  employed  to  relieve  the 
smoothness. 

At  the  meeting  of  the  National  Cement  Users'  Association 
already  referred  to,  the  Committee  on  Sidewalks,  Floors,  and  Streets 
recommended  the  following  s |K-ci flea t ions  for  the  (op  coat: 

"Thnt>  partK  hiKli-Knulc  I'lirl.Und  ceiiieiil  unil  live  part^  I'lc^iri.  Bhar|i 
Hand,  mixr-d  dry  ami  Hcri;pned  lhri)unh  a  No.  4  sieve.  In  thp  Injj  cnal.  tlic 
Mnount  of  watur  used  abould  be  just  enough  no  that  the  surface  of  the  walk 
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can  be  tampe<L  struck  o5,  floated,  and  finished  within  20  minutes  after  it  ii 
cpread  on  the  bottom  coat:  and  when  finished,  it  should  be  solid  and  not 
quaky.** 

In  the  JaniiaiT.  1907,  number  of  Cement,  Mr.  Albert  Moyer, 
Assoc.  M.  Am.  S<k.  C.  E..  dii^^ussing  the  subject  of  cement  sidewalk 
pa\*ements.  gi\"es  specifications  for  monolithic  slab  for  paving  pur- 
poses. For  an  example  of  this  construction,  he  gives  the  pavement 
around  the  Astor  Hotel,  New  York: 

**As  an  alternative,  and  instead  of  using  a  top  coat,  make  one  slab  of 
•electeii  a^:gregate$  for  base  and  wearing  surface,  filling  in  between  the  frames 
concn  te  flush  with  established  grade.  Concrete  to  be  of  selected  aggregates, 
all  of  which  will  pass  through  a  ]-inch  mesh  sieve:  hard,  tough  stones  or 
pebbles,  graded  in  size:  proportions  to  be  1  part  cement,  2^  parts  crushed 
banl  stone  screenings  or  coarse  sand,  all  passing  a  ]-inch  mesh,  and  all 
collected  on  a  {-inch  mesh.  Tam|)ed  to  an  even  surface,  prove  surface  with 
straight  edge,  smooth  down  with  float  or  trowel,  and  in  addition  a  natural 
finish  can  be  obtained  by  scrubbing  with  a  wire  brush  and  water  while  con- 
crete is  'green/  but  after  final  set." 

250.  Seasoning.  The  wearing  surface  must  be  protected  from 
the  rays  of  the  sun  by  a  cinering  which  is  raised  a  few  inches  above 
the  pa\Tment  si^  as  not  to  ci>me  in  contact  with  the  surfaces.  After 
the  pavement  has  set  hard,  sprinkle  freely  two  or  three  times  a  day 
for  a  \iTek  or  more. 

251.  Cost.  The  cost  of  concrete  sidewalks  is  variable.  The 
construction  at  each  location  usually  requires  only  a  few  days  work; 
and  the  time  and  expense  of  transporting  the  men,  tools,  and  ma- 
terials make  an  ini|xirtant  item.  One  of  the  skilled  workmen  should 
be  in  charge  of  the  men,  so  that  the  expense  of  a  foreman  will  not  be 
necessjiry.  The  amount  of  walk  laid  per  day  is  limited  by  the  amount 
of  surface  that  can  Ix*  floiited  and  twweled  in  a  day.  If  the  surfacers 
do  not  work  overtime,  it  will  U^  neci^ssary  to  stop  concreting  in  the 
middle  of  the  aftenioon,  so  that  the  last  concrete  plac*ed  will  be  in  con- 
dition to  finish  durin<j  the  n^pilar  working  hours.  The  work  of  con- 
creting may  lx»  ct)ntinut\l  ronsiderably  later  in  the  afternoon  if  a  dryer 
concrete  is  used  in  mixing  the  top  coat,  and  only  enough  water  is  used 
so  that  the  surface  can  Ix*  floated  and  finished  soon  after  being  placed. 
The  men  who  have  l)t»en  mixing,  placing,  and  ramming  concrete 
can  complete  their  day's  work  l)y  preparing  and  nimming  the  founda- 
tions for  the  next  day's  work. 

The  contract  price  for  a  well-constructed  sidewalk  4  to  5  inches 
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in  thickness,  with  a  granolithic  finish,  will  vary  from  15  cents  to  30 
cents  per  square  foot. 

CONCRETE  CURB 

252.  The  curb  is  usually  built  just  in  advance  of  the  sidewalk. 
The  foundation  is  prepared  similarly  to  that  of  walks.  The  curb  is 
divided  into  lengths  similar  to  that  of  the  walk;  and  the  joints  lie- 
tween  the  blocks,  and  also  between  the  walk  and  the  curb,  are  made 
similar  to  the  joints  between  the  blocks  of  the  walk.  The  concrete 
is  generally  composed  of  1  part  Portland  cement,  3  parts  saiid, 
and  5  parts  stone. 
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Fig.  83.    Typical  Curb  Section 


although  a  richer 
mixture  is  some- 
times used.  A 
facing,  on  the  part 
exposed  to  wear, 
jf  mortar  or  gran- 
olithic finish,  will 
improve  the  wear- 
ingqualitiesof  the 
curb. 

253.  Types 

of  Curbing.  There  are  two  general  types  of  curb  used — a  curb 
rectangular  in  section,  and  a  combined  curb  and  gutter;  both 
types  are  shown  in  Fig.  83.  The  foundation  for  either  type  is 
constructed  in  the  same  manner.  Both  these  types  <)f  curb  are  made 
in  place  or  moulded  and  set  in  place  like  stone  curb,  but  the  former 
method  is  preferable.  A  metal  comer  is  sometimes  laid  in  the  exposed 
edge  of  the  curb  to  protect  it  from  wear. 

254.  Construction.  The  construction  of  the  rectangular  section 
b  a  simple  process,  but  requires  care  to  secure  a  good  job.  This  is 
usually  about  6  inches  wide  and  from  20  to  30  inches  deep.  After  the 
foundation  has  been  properly  prepared,  the  forms  are  set  in  place. 
Fig.  84  shows  the  section  of  a  curb  6  inches  wide  and  24  inches  deep, 
and  the  forms  as  they  arc  often  used.  The  forms  for  the  front  and 
l>ack  each  consist  of  three  planks  1}  inches  thick  and  S  inches  wide, 
and  are  surfaced  on  the  side  next  the  concrete.  They  are  held  in 
place  at  the  bottom  by  the  two  2  by  4-inch  stakes,  and  at  the  top  the 


^^^r^ 


r.n.  A  -oif^Mrt:-!!  plate  I  indi  lluck 
lu^-r't-!  -Turv  r,  fij^t.  or«t  wfastenr 
a.ii—  'n.f  jiiinti  an?  nuJr.  After  the 
rrt-'f  Jiu>  btH-Q  pUcvtJ  and  mniDed, 
jii,-  ^r  Jani  »?D»xiab  t«>  support  ttsrif, 
(iiv  ijt:  frt-nr  ^■mL~  are  rpmoi'ed, 
"It-  rsirraiv  an^i  t'»p  are  Gnidied 
•  -'?.  -r-.-'z  .1  m.ort'l:  thf  citmpr  being 
v-i  ir  Fi::.  n.".  The  j<rini  is  usually 
;  -\purL~i>>Q  j'>int.  TTk-  funn^  on 
•::«-  —  r.i;r»^tt^  U  well  :«-t.     Ifa  niurtar 


fhf-  fr-'iit  f'.mi. 
an.l  [h.-  .'MF-HT 
.-..n.-fr.-  i>  |,ia.-.-l 
trark  '-f  til.-  ..l..-.-t 
iron  hV'^l  -'iV 
.H)..-.-t  iron  i.  tliri, 
wiil,.lr;i»n  i<;i'l  tUr  rvv. 
(•iv,  sc,  ^l,„«,  rl„.  . 
llii'f..rirK(lmtiii>-m'.-.'.> 


iirb  and  Uulter. 
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i-  fur  its  (ijn.it ruction.     TiiU  combiiiation 
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is  often  laid  on  a  porous  soil  without  any  special  foundation,  with  fair 
results.  A  l|-ineh  plank  12  inches  wide  is  used  for  the  back  form, 
and  is  held  in  place  at  the  lx)ttom  l^y  pegs.  The  front  form  consists 
of  a  plank  If  by  6  inches,  and  is  held  in  place  by  pegs.  Before  the 
concrete  is  placed,  two  sheet-iron  plates,  cut  as  shown  in  the  figure, 
are  placed  in  the  forms,  six  feet  to  eight  feet  apirt.  After  the  con- 
crete for  the  gutter  and  the  lower  part  of  the  curb  is  placed  and 
rammed,  a  IJ-inch  plank  is  placed  against  these  plates  and  held  in 
place  by  screw  clamps  (Fig.  86).     The  upper  part  of  the  curb  is  then 


Fig.  K.    Radhis  Tool.  Fig.  88.    Inside  Angle  Tool. 

mouldcMl.  When  the  concrete  is  set  enough  to  stay  in  place,  the 
front  forms  and  plates  are  n»moveil,  and  the  surface  is  treated  in  the 
same  manner  as  descril)ed  for  the  other  tyj^  of  curb. 

255.  Cost.  The  cost  of  concn»te  curb  will  dc^jxMid  upon  the 
conditions  under  which  it  is  made.  I  nder  ordinary  circumstances, 
the  contract  price  for  rectangular  curbing  0  inches  wide  and  24  inches 
deep  will  l)e  alx)ut  $0.00  per  linear  foot;  or  $0.<S()  per  linear  foot  for 
curb  8  inches  wide  and  24  inches  deep.  Inder  favorable  conditions 
on  largi*  jobs,  6-inch  curbing  can  l)e  constnicted  for  $0.40  or  $0.45 
per  linear  foot.  These  prices  include  the  excavation  that  is  recjuired 
below  the  street  grade. 

The  cost  of  the  combined  curb  and  gutter  is  alxnit  10  to  20  p(T 
cent  more  than  that  of  the  rectangular  curbing.  In  addition  to  hav- 
ing a  larger  surface  to  finish,  the  combined  curb  and  gutter  re(|uir(»s 
more  material,  and  therefore  more  work,  to  construct  it. 
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REINFORCED  CONCRETE 

GENERAL  THEORY  OF  FLEXURE 

250.  Introduction.  The  thoorv  of  Hcxiir*'  in  rcinfoi-cMl  concri'lc 
IS  exceptionally  coinplicntcd.  A  iiuiltitiicir  of  simple  nil<\s,  formula', 
and  tallies  fordesipiin*;  n*inforce<l-<*()ii(Tetr  work  have  U'eii  proj)ose<l, 
.sf»me  of  which  are  sufficiently  accurate  and  applicable  utuirr  certain 
condUioruf,  But  the  effect  of  these  various  conditions  should  l)e 
thoroughly  understiHxl.  Ri'inforcetl  concrete  should  not  he  designinl 
hy  "nile-of-thunih"  engineers.  It  is  hardly  t(M)  strong  a  statement 
to  say  that  a  man  is  criminally  careless  and  negligent  when  he  at- 
tempts to  design  a  structurt*  on  which  the  Siifety  and  lives  of  people 
will  depend,  without  thoroughly  understanding  the  theory  on  which 
any  fonnula  he  may  use  is  Imsed.  The  ap])lical)iliiy  of  all  fonnuhe  is 
so  dependent  on  the  quality  of  the  steel  and  of  the  concrete,  and  on 
many  of  the  details  of  thedesign,  that  a  hhnd  apphcation  of  a  fonnula 
is  very  unsafe.  Although  the  greatest  pains  will  he  taken  to  make 
the  following  demonstration  as  clear  and  plain  as  jjossihie,  it  will  he 
necessary  to  eniphn'  symbols,  and  to  work  out  several  algebraic 
fonnuhe  on  which  the  rules  for  <lesigning  will  be  based.  The  full 
significanct*  of  many  of  the  terms  m<'ntion<Ml  below  may  not  be  fully 
understcKid  until  sevend  subsajuent  paragraphs  have  been  studied: 

/*  =  Breadth  of  concTctc  hr-nm: 

d  —   Dej)tll  from  compn'ssioii  iww  tn  contrr  (»!'  irrnvity  of  tln»  steel; 
A  =    Area  of  tin?  ste^l; 

p  =■   Ratio    of   MFoii  of   sti'd  to  an-a    of  (••inrrcie    ;tl)<)Vr    the    renter  of 
gravity  of  th("  steel,  generally  referred   Id  as  prrrt'ntmjr    oj    rr- 
in/orrrtm'fit, 
A 
^  h ./  • 


]8r> 
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/',\  -   Moilulus  of  elasticity  of  steel; 

A'..  -   Initial  iiuxiiiliis  of  elasticity  of  concrete; 

r    -  //  -=  Ratio  of  the  ino<]uli; 
F . 

''V 

s  ■-  Tensile  stress  |xt  unit  of  area  in  steel; 

r       ('t)inpressive  stress  jht  unit  of  area  in  concrete  at  the  outer  ISmiI- 

of  the  l>ean\;  tiiis  may  vary  fron»  zero  to  r'; 
<■'    ^   ritiniate  rnnif>ressive   stress    jx»r  unit  of  area  in  concrete — Hot 

stress  at  which  failure  ini^^ht  Ih'  e\f)octed; 
*g        Deforniatit)!!  |ht  unit  of  lenirtli  in  the  steel: 
f,.  "  ......  jj^  outer  fibr*»  of  concrete; 

c/  in   outer  Hhre   of    concrete   wtal 

crushing  is  imminent; 
c,"  -   Deformation  per  unit  of  lenjrth  in  outer  fibre  of  concrete  under  a 
I't-rtain  eoiMlition  ^described  later): 

a  -     '-        .Uatio  of  defonnations; 

/.   -     Hatio  of  depth  from  cjmipn'ssive  f.ice  to    the  neutral  axis  to  the 

total  etTective  «lepth  r/; 
J-        Distance   fn>m   compressive   face  to   center    of    gravity  of    com- 
pressive stn-ssrs: 
-  X        SumuiatioM  of  horizontal  compressive  stresses; 
M         Hi'sistinjr  nnunent  of  :i  section. 

2')7.    Statics  of  Plain  Homogeneous  Beams.    As  a  preliminary 
to  tiir  th(M)rv  of  tlu'  iisr  of  rt'iiiforct^tl  concTcte  in  l)eiims,  a  very  brieif 

<lisru.ssion  will  \)e  given  of 
tlu'  .statics  of  an  ordinary 
honio^neous  beam.  Let  A  B 

^U  u  i  m  U  i  u:  ^     ^^''^'*  '"^'^^  represent  a  beam 


carrving  a  Uniformly  diatrib- 
iitwl  load  IF;  then  the  beam 

rii'.^L'.    n»':mi('MrryiMu  rniforriiiy  i>is-  i.s    suhjectecl     to    tfansverse 

t  ri!iin«'il  Li;ii|. 

.stresses,  l^t  us  imagine  that 
mtr-lialf  of  the  Ikvuii  is  a  **fn*c  bcHly"  in  sjxice,  and  is  acteirl  on  by 
exactly  the  siiine  external  forces;  we  shall  also  assume  the  forces  C 
and  T  (acting;  on  the  exposi^l  section),  which  are  just  such  forces  as 
are  re(|!iin'<l  to  kec])  that  half  of  the  In^am  in  ecpiilibrium. 

These  forces,  and  their  direction,  are  representwi  in  the  lower 
diagnim  hy  arrows.  The  load  IT  is  representol  by  the  series  of 
small,  ecpitd,  and  equally  sj)aced  vertical  arrows  pointing  downwanl. 
The  reaction  of  the  abutment  (Kjain.st  ihr  hram  is  an  upward  force, 
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shown  at  the  left.  Hie  forces  acting  on  a  section  at  the  center  are  the 
equivalent  of  the  two  equal  forces  C  and  T. 

Tlie  force  C,  acting  at  the  top  of  the  section,  must  act  toward 
the  left,  and  there  is  therefore  compression  in  that  part  of  the  section. 
Similarly,  the  force  T  is  a  force  acting  toward  the  right,  and  the  fibres 
of  the  lower  part  of  the  beam  are  in  tension.  For  our  present  purpose 
we  may  consider  that  the  forces  C  and  T  are  in  each  case  the  resultant 
of  the  forces  acting  on  a  very  large  number  of  "fibres."  The  stress 
in  the  outer  fibres  b  of  course  greatest.  At  the  center  of  the  height, 
there  is  neither  tension  nor  compression.  This  is  called  the  neviral 
axis  (see  Kg.  90), 

I*t  us  consider  for  simplicity  a  very  narrow  portion  of  the  beam, 
having  the  full  length  and  depth,  Init  so  nfirn)w  tlmt  it  includes  only 


*-v 


FlR.  90.     I'cwltloQ  iif  Scutnl  Alls.  FlR.  91.    Ni^utrnl  Axis  In  Narrow  ll.-iiin. 

one  set  of  fibres,  one  aliovc  the  other,  as  shown  in  Fig.  91.  In  the 
ease  of  a  plain,  rectangular,  liomogeneous  beam,  the  .stn'sses  in  the 
fibres  would  be  as  given  in  Fig.  00;  the  neutral  axis  would  l)e  at  (he 
center  of  the  height,  and  the  stress  at  the  bottom  and  the  top  would 
be  etpiai  but  opposite.  If  the  section  were  at  the  center  of  the  iH-ani, 
with  a  uniformly  distributed  load  (as  indicated  in  Fig.  80),  the  xhvar 
would  be  zero. 

A  beam  may  be  constructed  of  plain  concrete;  but  its  strength 
will  be  very  small,  since  the  tensile  strength  of  concrete  i.-i  compar- 
atively insignificant.  Iloinforced  concrete  utilizes  the  great  len.sile 
strength  of  steel,  in  combination  with  the  compressive  .strength  of 
concrete.  It  should  be  realized  that  the  essential  qiiuHties  are  eum- 
pression  and  lensioti,  and  that  (other  things  lieing  e(|ual)  the  clieaj)- 
est  method  of  obtaining  the  necessary  eonipression  and  teii.sion  i.s  the 
most  economical. 
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258.  Economy  of  Concise  for  Compression.  The  ultimate 
compressive  strength  of  concrete  is  generally  2,000  pounds  or  over  per 
square  inch.  With  a  factor  of  safety  of  four,  a  working  stress  of  500 
pounds  per  square  inch  may  be  considered  allowable.  We  may 
estimate  that  the  concrete  costs  twenty  cents  per  cubic  foot,  or  ?5.40 
per  cubic  yard.  On  the  other  hand,  we  may  estimate  that  the  steel, 
placed  in  the  work,  costs  about  three  cents  per  pound.  It  will  weigh 
480  poimds  per  cubic  foot;  therefore  the  steel  costs  $14.40  per  cubic 
foot,  or  72  times  as  much  as  an  equal  voluvw  of  concrete  or  an  equal 
CTOss-aecfion  per  unit  of  length.  But  the  steel  can  safely  withstand  a 
compressive  stress  of  16,000  pounds  per  square  inch,  which  is  32 
times  the  safe  working  load  on  concrete.  Since,  however,  a  given 
volume  of  steel  costs  72  times  an  equal  volume  of  concrete,  the  cost 
of  a  given  compressive  resistance  in  steel  is  JS  (or  2,25)  times  the  cost 
of  that  resistance  in  concrete.  Of  course,  the  above  assumed  unit- 
prices  of  concrete  and  steel  will  vary  with  circumstances.  The 
advantage  of  concrete  over  steel  for  compression  may  be  somewhat 
greater  or  less  than  the  ratio  given  above,  but  the  advantage  is  almast 
invariably  with  the  concrete.  There  are  many  other  advantages  in 
addition,  which  will  b^discussed  later. 

250.  Economy  of  Steel  for  Tension.  The  ultimate  tensile 
strength  of  onlinary  concrete  is  rarely  more  than  200  pounds  per 
sTjuare  inch.  With  a  factor  of  safety  of  four,  this  would  allow  a 
working  stress  of  only  50  pounds  per  square  inch.  This  is  generally 
too  small  for  practical  use,  and  certainly  too  small  for  economical  use. 
On  the  other  hand,  steel  may  be  used  with  a  working  stress  of  16,000 
pounds  per  scjuare  inch,  which  is  320  tunes  thai  allowable  for  con- 
crete. Using  the  same  unit-values  for  the  cost  of  steel  and  concrete 
as  given  in  the  previous  section,  even  if  steel  costs  72  times  as  much 
as  an  equal  volume  of  concrete,  its  real  tensile  value  economically 
is  Vt  (or  4.44)  times  as  great.  Any  reasonable  variation  from  the 
above  unit-values  cannot  alter  the  essential  truths  of  the  economy 
of  steel  for  tension  and  of  concrete  for  compression.  In  a  reinforcftl- 
concrete  beam,  the  steel  is  placed  in  the  tension  side  of  the  l>eam. 
L'siially  it  is  placed  from  one  to  two  inches  from  the  outer  face,  with 
the  double  purpose  of  protecting  the  steel  from  corrosion  or  fire,  and 
also  to  better  insure  the  unioaof  the  concrete  and  the  steel.  But  the 
concrete  below  the  steel  is  not  considered  in  the  numerical  ealcu- 
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lations.  Even  the  concrete  which  is  between  the  steel  and  the  neu- 
tral axis  (whose  position  will  be  discussed  later),  is  chiefly  useful  in 
transmitting  the  tension  in  the  steel  to  the  concrete.  Although  such 
concrete  is  theoretically  subject  to  tension,  and  does  actually  con- 
tribute its  share  of  the  tension  when  the  stresses  in  the  beam  are 
small,  the  proportion  of  the  necessary  tension  which  the  concrete  can 
furnish  when  the  beam  is  heavily  loaded,  is  so  very  small  that  it  is 
usually  ignored,  especially  since  such  a  policy  is  on  the  vslde  of  safety, 
and  also  since  it  greatly  simplifies  the  theoretical  calculations  and 
yet  makes  very  little  difference  in  the  final  result.  We  may  therefore 
consider  that  in  a  unit-section  of  the  beam, 
as  in  Fig.  92,  the  concrete  above  the  neu- 
tral axis  is  subject  to  compression,  and  that 
the  tension  is  furnished  entirely  by  the 
steel. 

2G0.  Elasticity  of  Concr^e  in  Com» 
pression.  In  computing  the  transverse 
stresses  in  a  wooden  beam  or  steel  I-beam, 
it  is  assumed  that  the  modulus  of  elastic- 
ity is  uniform  for  all  stresses  within  the 

elastic  limit.  Experimental  tests  have  shown  this  to  be  so  nearly 
true  that  it  is  accepted  as  a  mechanical  law.  This  means  that  if  u 
force  of  1,000  pounds  is  required  to  stretch  a  bar  .001  of  an  inch,  it 
will  require  2,000  pounds  to  stretch  it  .002  of  an  inch.  Similar  tests 
have  been  made  with  concrete,  to  determine  the  law  of  its  elasticity. 
Unfortunately,  concrete  is  not  so  uniform  in  its  behavior  as  steel. 
The  results  of  tests  are  somewhat  contradictory.  Many  engineers 
have  argued  that  the  elasticity  is  so  nearly  uniform  that  it  may  be 
considered  to  be  such  within  the  limits  of  practical  use.  But  all 
experimenters  who  have  tested  concrete  by  measuring  the  propor- 
tional compression  produced  by  various  pressures,  agree  that  the 
additional  shortening  produced  by  an  additional  pressure,  say  of  100 
pounds  per  square  inch,  is  greater  at  higher  pressures  than  at  low 
pressures. 

A  test  of  this  sort  may  be  made  substantially  as  follows:  A 
square  or  circular  column  of  concrete  at  least  one  foot  long  is  placed 
in  a  testing  machine.  A  very  delicate  micrometer  mechanism  is 
fastened  to  the  concrete  by  pointed  screws  of  hardened  steel.     These 


Fig.  92.    Transmission  of  Ten- 
sion in  Sicfl  to  (\»ucrete 
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pr>inM  are  oriffinally  at  a  known  cILiunre  apart — say  >*  inches.  Wlxn 
thf  fmrrete  u  rtjmprMsed.  the  ilL^tance  betweeo  these  poinl^willbe 
:<lijrhrly  les,*.  A  vfry  'Wi«itP  mwhanL-im  will  pemut  this  distaDCC  to 
Im  meaAUTf^l  a.4  rlrm-ly  a.s  the  ten-thiMisatitlth  part  of  an  inch,  or  to 

aUnjt    -  of  the  length.    >uppose  that  the  various  pressures  per 

>tr|tiarfr  irw'h,  atul  tht-  pro  port  ionate  co[npfession.s.  are  as  givea  in  the 
folk>win((  taliiilar  fonii: 


\Vc  iriiiy  i<lol  tlic^c  pn-ssnn-s  atnl  compressions  as  in  Fig.  !)3, 
using  liny  <,-oiivcniciit  w-alc  for  t-adi.  For  example,  for  a  pressure  of 
S(X)  pounds  |MT  sijiiare  inch,  we  select  the  verlJeal  line  which  is  at  the 
horizontal  distance 
fn>m  the  origin  O 
of  SU),  acconling  to 
thi^  scale  adopted, 
^'culing  off  on  this 
vertical  line  the  or- 
dinate .0(KH.'j,  ac- 
coFfling  to  the  scale 
adopted  for  com- 
pressions, we  have 
the  position  of  one 
point  of  tile  cun*e. 
The  other  jwintsare 
olitaiiied  similarly.  Although  the  |»oints  thus  obtainei)  from  the 
li'stiiif,'  of  a  single  block  of  concrete  would  not  Iw  considered  suffi- 
cient f(i  eslal>lish  the  law  of  the  elasticity  of  concrete  in  compression, 
a  .sliidy  iif  die  cnrves  which  may  Ih'  liriiwii  througli  die  series  of 
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points  obtained  for  each  of  a  large  number  of  blocks,  shows  that 
these  curves  will  average  very  closely  to  parabolas  that  are  tangent 
to  the  initial  modulus  of  elasticity,  which  is  here  represented  in 
the  diagram  by  a  straight  line  running  diagonally  across  the  figure. 

It  is  generally  considered  that  the  axis  of  the  parabola  will  be  a 
horizontal  line  when  the  curve  is  plotted  according  to  this  method. 
The  position  of  the  vertex  of  the  parabola  cannot  be  considered  as 
definitely  settled.  Professor  Talbot  has  computed  the  curve  as  if  the 
vertex  were  at  the  point  of  the  ultimate  compression  of  the  con- 
crete, although  he  conceded  that  the  vertex  might  be  in  an  imaginary 
position  corresponding  to  a  compression  in  the  concrete  higher  than 
that  which  the  concrete  could  really  endure.  Mr.  A.  L.  Johnson, 
another  noted  authority,  bases  his  computation  of  formula?  on  the 
assumption  that  the  ultimate  compressive  strength  of  the  concrete 
is  two-thirds  of  the  value  which  would  be  required  to  produce  that 
amount  of  compression  in  case  the  initial  modulus  of  elasticity  were 
the  true  value  for  all  compressions.  In  other  words,  looking  at  Fig. 
93,  if  o  c  is  a  line  representing  the  initial  modulus  of  elasticity,  then, 
if  the  elasticity  were  uniform  throughout,  it  would  require  a  force  of 
about  2,340  pounds  (or  df)  to  produce  a  proportionate  compression  of 
.00132  of  the  length  (represented  by  o  d).  Actually  that  compression 
will  be  produced  when  the  pressure  equals  d  e,  which  is  J  of  d  /.  It 
should  not  be  forgotten  that  the  above  numerical  values  are  given 
merely  for  illustrative  purposes.  They  would,  if  true,  represent  a 
rather  weak  concrete.  The  following  theory  is  therefore  based  on  the 
assumption  that  the  strt  ss  '  *rain  curve  is  represented  by  the  para- 
bolic curve  o  e  (see  Fig  93) ;  and  that  the  ultimate  stress  per  square 
inch  in  the  concrete  c'  is  represented  by  d  <?,  which  is  §  of  the  com- 
pressive stress  that  would  be  required  to  produce  that  proportionate 
compression  if  the  modulus  of  elasticity  of  the  concrete  were  uniformly 
maintained  at  the  value  it  has  for  very  low  pressures. 

261.  Theoretical  Assumptions.  The  theory  of  reinforced-con- 
crete  beams  is  based  on  the  usual  assumptions  that : 

(a)  The  loads  are  applied  at  right  angles  to  the  axis  of  the  beam.  The 
UBual  vertical  gravity  loads  supported  by  a  horizontal  beam  fulfil  this  condition. 

{l))  There  is  no  resistance  to  free  horizontal  motion.  Tliis  condition 
18  seldom,  if  ever,  exactly  fulfilled  in  practice.  The  more  rigidly  the  beam  in 
held  at  the  ends,  the  greater  will  be  it«  strength  above  that  computed  by  the 
simple  theory.     Under  ordinary  conditions  the  added  strength  is  quite  inde- 
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line  V  n,  and  the  pressure  on  the  intermediate  fibres  by  the  ordinates 
to  the  curve  v  N. 

In  Fig.  96,  a  and  6,  are  shown  a  pair  of  figures  corresponding  with 
those  of  Fig.  95,  except  that  the  compressive  deformation  of  the  con- 
crete in  the  outer  fibre  a  a'  is  only  one^hcdf  of  the  value  in  Fig.  95. 
But  it  will  require  about  three-fourths  as  much  pressure  to  produce 
one-half  as  much  compression.  In  Fig.  96,  t/  n'  is  therefore  three- 
fourths  of  t;  n  in  Fig.  95.  The  student  should  note  that  k^  here 
differs  slightly  from  A,  which  means  that  the  position  of  the  neutral 
axis  varies  with  the  conditions. 

262.  Summation  of  the  Compressive  Forces,  The  summation 
of  the  compressive  forces  is  evidently  indicated  by  the  areu  of  the 


Fibre  Stresses  in  Beams. 


Fig.  97.    Siimmation  of  Com- 
pressive Forces. 


shaded  portion  in  Fig.  97.  The  curve  v  N  isa  portion  of  a  parabola. 
The  area  of  the  shaded  |X)rtion  between  the  cur^'e  v  N  and  the  straight 
line  V  N,  equals  one-third  of  the  area  of  the  triangle  m  N  i\  The  area 
of  the  triangle  vn  N  =  \ckd.  Therefore,  for  the  total  shaded  area, 
we  have: 

Area  =  \  c  k<l  -f-  J  (co  -  r)  J  kdj 
=  i  kd(c  -\-  ico-  i  c), 
=   i  kdiic  -\-  J  Co). 

But  in  this  case,  c^=  E^e^ ;  therefore, 

Area  =  ikd  (ic  -\-  i  Ece^  ) (9) 

In  Fig.  98  has  been  redrawn  the  parabola  of  Fig.  93,  in  which  o 
is  the  vertex  of  the  parabola.  Here  c"  is  the  force  which  would  pro- 
duce a  compression  of  e/  provided  the  concrete  could  endure  such  a 
pressure  without  rupture.  If  the  initial  modulus  of  elasticity  applied 
to  all  stresses,  the  required  force  would  be  the  line  E^  e/'.     And  c^ 
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It  Ls  one  of  the  well-known  projx^rties  of  the  ]KiralH)la  that 
ahscissie  are  pro[X)rtional  to  the  scjuares  of  the  ordinates,  or  that 
(in  this  case): 


k^d :  m  n:\ok   :o  m 


Transforming  to  the  syml)oLs,  we  have: 


{€"--€)■.€''  ::(€«"  -«c)'  :«< 


n* 


C^-C    -^    f" 


(«/-ee)=' 


fr-2 


c"   -c  --  ^"(1  —qf,  HiiH'C      ^  ^  q. 


c-c"  \\-{\-qy\   ; 
-  r"  (2q-q')   ; 
-  5  Hcfi/X-q  —q')j  since  r*-^  i  /s'cec"  ;    and  also,  since  Cc"  ^    — 

/scec(l  -k) (*^) 

Substituting  this  value  of  c  in  E(juation  9,  we  have: 

Area  -  §  fcr^  {  §  A'c  «c  ( 1  -  i  7)  +  J  fi'c  «c   [ 
^  ikd\t:c€c{l  -  iq)\ 

llie  summation 
of  the  horiztmtal 
forces  (  SX  )  with- 
in the  shaded  area, 
is  evidently  ex- 
pressed  by  the 
al)ove*'area**  mul- 
t  i  p  1  i  e  d  b  y  t  h  e 
breadth  of  t  he 
beam  (h).    Thore- 

/  Fij;.  9S.    Analysis  of  Compressive  Stresses. 

1'  \  -    \(  \    -  \  q)  Kc^chkd (11) 

• 

In  order  to  avoid  the  complication  resulting  from  the  attempt 
to  d(»velop  formuhe  which  are  applicable  to  all  kinds  of  assumptions, 
it  will  be  at  once  assumed,  as  previously  referre<l  to,  that  the  ultimate 
compressive  strength  of  the  concrete  is  fj  of  the  value  which  would  be 
nnjuircd  to  pHnluce  that  amount  of  compression  in  case  the  initial 
mcxlulus  of  elasticity  were  the  true  value  for  all  compressions. 

'Vhv  proDt'  that  </  will  cMnial  -j  under  tlicsc  ennditioiis,  is  |)rrhaps  dot er- 
iniiied  most  easily  hy  eoinpntinir  the  ratio  of  h  h  to  7  h  (see  Fi^.  OS)  when  o  a  is 
Ui-siitnt-d  to  l>e  '  of  o  in.     \\\  this  ease,  from  the  proixTties  of  the  parabola,  ah 
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n 
c   • 


But  when  oa  =^  J  of  om,  j/  ^  =  §  ^o  «/  =  5  ^'c  «. 
Therefore  c'  =  \gh.     But  when  o  a  =  i  of  o  m,  -^  =  J. 

«c 

Therefore,  when  c'  =  §  fif^,  <7  =  }. 

It  has  already  been  shown  that  c"  =  \E^  e/',  and  also  that  €/= 

-' .    Therefore  \  E^  €^  =  c^q.     It  has  also  been  shown  that  c'  =|^  c^, 

? 

or  that  c^  =  Jc'.    Therefore  i  J^J^  €c  =  |  ^g. 

Substituting  this  value  in  Etjuation  1 1,  we  have  for  the  summa- 
tion of  the  compressive  forces  above  the  neutral  axis,  under  i&uch 
conditions: 

2X  =  l{l-iq)qc'bkd (12) 

Substituting  the  further  condition  that  q  =  §,  we  have: 

JX=  ,\c'hkd (13) 

263.  Center  of  Gravity  of  Compressive  Forces.  This  is  also 
called  the  centroid  of  compression.  The  theoretical  determination  of 
this  center  of  gravity  is  virtually  the  same  as  the  determination  of  the 
center  of  gravity  of  the  shaded  area  shown  in  Figs.  90  and  97.  The 
general  method  of  determining  this  center  of  gravity  requires  the  use 
of  differential  calculus,  and  is  a  very  long  and  tedious  calculation. 
But  the  final  result  may  l)e  reduced  to  a  surprisingly  simple  form,  as 
expresse<l  in  the  following  equation : 

X  =  kd ^—  . 

12-4(7 

Assuming,  as  explained  alx)ve,  the  value  of  q  =  r,,  this  reduces  to: 

x^  .357  kd (14) 

When  q  equals  zero,  the  vahie  of  x  equals  .33.'i  kd;  and,  at  the  other  ex- 
treme, when  q  =  1,  x  =  .375  kd. 

There  is,  therefore,  a  very  small  range  of  inaccuracy  in  adopting  the 
value  of  9  =  I  for  all  computations. 

264.  Position  of  the  Neutral  Axis.  According  to  one  of  the 
fundamental  laws  of  mechanics,  the  sum  of  the  horizontal  tensile 

forces  must  be  equal  and  opposite  to  the  sum  of  the  compressive 
forces.  Ignoring  the  very  small  amount  of  tension  furnished  by  the 
concrete  below  the  neutral  axis,  the  tension  in  the  steel  =As  =  pbds  ^ 
the  total  compression  in  the  concrete.  Therefore,  applying  Equa- 
tion II, 

pbd  s  =  i  {i  —  i  q)  tic  €c  k  b  d 
But  .s  =  I'J^  Cs  ;  therefore, 
/)/:;,  e,  =  J  (I  -  J  q)  Ec  €ck 
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Hut  ,V         r;  an<I  by  proportional  trianglen,  as  shown  in  Fig.  %. 


or  ec  =  f« 


kd       d-kd    *  "         •!-/:• 

Making:  tlioso  siibslltutions,  we  have: 

Pr^-   id   -J9),-l-fc      (15) 

Solving;  this  (|uiidratic  for  fc,  we  have: 


^(1-17)       (l-§^)'       (1-J9) 

Etiuation  16  is  a  |)erfec!tly  general  ec|uation  which  depends  for  its 
leeuracy  only  on  the  assumption  that  the  law  of  compressive  stress 
to  compressive  strain  is  represented  by  a  parabola.     The  e<|uatioi\ 
shows  tliat  A*,  the  ratio  determining  the  position  of  the  neutral  axis, 
dcjMMids  on  tliree  variables — namely,  the  |)ercentage  of  the  steel  (p), 
the  ratio  of  the  mcHluli  of  elasticities  (r),  and  the  ratio  of  the  deforma- 
tions in  the  concrete  (7).     These  must  all  Ix*  determined  more  or  less 
accnmt<*ly  In'forc  wc  can  know  the  position  of  the  neutral  axis. 

( )n  the  other  hand,  if  it  were  nc*cressary  to  work  out  K(|uation  16t 
as  well  as  many  otiicrs,  for  every  computation  in  n*inforced  ct>ncrete, 
the  calculations  would  W\  impracticably  teilious.  Fortunately  the 
extreme  ranj^e  in  k  for  anv  one  mtio  of  nKxlidi  of  elasticities,  is  onlv 
a  few  per  cent,  even  when  r/  varies  from  0  to  1.  We  shall  therefi>rc 
simplify  the  calculations  by  using  the  constant  value  q  —  if,  as  ex- 
plained above. 

Sul)stitutin«^  Y       j  in  Kcjuation  16,  we  have: 

The  various  values  for  the  ratio  of  the  mcxluli  of  elasticity  (r)  arc 
(liMUss(Ml  in  the  succeiHling  secti(m.  The  values  of  k  for  variou:: 
values  of  r  and  /),  and  for  the  imiform  value  ol  q  =  5,  have  been  com- 
puted in  th(»  following  tabular  form.  Five  values  have  been  chosen 
for  r,  in  conjimcti(m  with  nine  values  of  p,  varying  by  0.2  per  cent 
and  covering  the  entire  practicable  range  of  p,  on  the  basis  of  which 
value\s  A*  has  In^en  worked  out  in  the  tabular  form.  Usually  the  value 
of  A*  can  be  dctcrmintHl  directly  from  the  table.  By  interpolating 
between  two  values  in  the  table,  any  required  value  within  the  limits 
of  ordinary  practice  can  l)e  det(»rmined  with  all  necessary  accuracy. 
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TABLE  XIII 
Values  of  k  for  Various  Values  of  r  and  p  (Parabolic  Formulie) 


P 

r 

.020 

.01 S    ': 

1 

.016    ' 

.014 

.012 

.010 

.008 

.006 

.004 

10 

.505 

.487 

.468 

.446 

.422 

.395 

.362 

.323 

.274 

12 

.536 

.517 

.497 

.475    I 

.450 

.422 

.388 

.348 

.295 

15 

.574 

.555 

.535 

1 

.513    ' 

.488 

.458 

.422 

.379 

.323 

20 

.623 

.604  ; 

.583    , 

.561    1 

.535 

.505 

.468 

.421 

.362 

40 

.736 

.718    i 

1 

.700    1 

1 
1 

.678 

1 

.654 

.623 

.584 

.535 

.468 

265.  Ratio  of  Moduli.  Theoretically  there  is  an  indefinite 
number  of  values  of  r,  the  ratio  of  the  moduli  of  elasticity  of  the  stt»el 
and  the  concrete.  The  imxlulus  for  steel  is  fairly  constant  at  about 
29,000,000  or  30,000,000.  The  value  of  the  iniiial  ukxIuIus  for  con- 
crete varies  according  to  the  quality  of  the  concrete,  from  1  ,r)00,(KX)  to 
3,000,000  for  stone  concrete.  An  average  value  for  cinder  concrete  is 
about  750,000.  Some  experimental  values  for  stone  concrete  have 
fallen  somewhat  lower  than  1,5(K),(XK),  while  others  have  reaclunl 
4,000,000  and  even  more.  We  may  probably  use  the  following  values 
with  the  constant  value  of  29,(XX),0(X)  for  the  steel. 

TABLE   XIV 
Modulus  off  Elasticity  off  Some  Grades  of  Concrete 


Kind- OF 

Concrete 

MlXTURK 

.             750.000         j 
1.4.50,000          j 
2,400.000          1 

2,000.000          ' 

•              1 

r 

Cinder    .    .               

1:2:5 
1:6:12 
1:3:5 
1:2:4 

40 

Broken  Stone 

20 

i<            i( 

12 

<<            << 

10 

The  value  given  above  for  1:6:12  concrete  is  mentioned  only 
because  the  value  r  =  20  is  sometimes  used  with  the  weaker  grades  of 
concrete,  and  the  value  of  approximately  1,450,000  for  the  elasticity 
of  such  concrete  has  been  found  by  experimenters.  The  use  of  such 
a  lean  concrete  is  hardly  to  be  recommended,  because  of  its  unrelia- 
bility. Considering  the  variability  in  cinder  concrete,  the  even  value 
of  r  =  40  is  justifiable,  rather  than  the  preci.se  value  38.67. 

266.  Percentage  of  Steel.  The  previous  calculations  have  been 
made  as  if  the  percentage  of  the  steel  might  be  varied  almost  in- 
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definitely.  While  there  is  considerable  freedom  of  choice,  there  are 
limitations  beyond  which  it  is  useless  to  pass;  and  there  is  always  a 
most  economical  j)ercentage,  depending  on  the  conditions.  We  have 
already  determined  that: 


~  l-k' 

But  ec 

c 

• 

(see  Equation  10),  and 

~    I'Jcil- 

-iq)     ' 

«8 

=   771  -  ;  therefore, 

fc 

r  Eg                    c  r 

k 

«> 

~  8Eo{l-iq)~  «(l-k) 

"  l-k' 

Solviii 

g  for  k,  we  have 

k 

cr 

~  cr  +  «(1  —  i^)  * 

Using 

as  l)ofc)rc 

the  value  of  ^  =  §,  the  equation 

beeoniet 

A- 

c  r 
^  cr~-^  .067  «■ 

Using  the  same  value  of  q  in  Equation  15,  and  solving  for  /^,  we  have: 

^  -  ^-    - 
'""         l.S(l-^-)" 

Substituting  the  above  value  of  k  in  this  etpiation,  we  have,  after  consid- 
erable reduction: 

;,    _--7    ^-_._-    — (18) 

The  al)ove  equation  shows  that  we  cannot  select  the  percentage 
of  steel  at  random,  since  it  evidently  depends  on  the  selected  stresses 
for  the  steel  and  concrete,  and  also  on  the  ratio  of  their  moduli.  For 
example,  consider  a  high-grade  concrete  (1:2:4)  whose  modulus  of 
elasticity  is  considered  to  be  2,9(X),0()0,  and  which  has  a  Umiting  com- 
pressive stress  of  2,700  pounds  (c'),  which  we  may  consider  in  con- 
junction  with  the  limiting  stress  of  r)5,(XX)  pounds  in  the  steel.  The 
values  of  c,  Sj  and  r  are  therefore  2,700,  r)r),000,  and  10  respectively. 
Substituting  these  values  in  Equation  18,  we  compute  p  =  .012. 

Example,  What  percentage  of  steel  would  be  required  for 
ordinary  stone  concrete,  with  r  =  1."),  c  =:2,(K)0,  and  s  =  5r),0(X)? 
Ans.  ()A)i)  percent. 

2r)7.  Resisting  Moment.  The  moment  which  resists  the  action 
of  the  external  forces  is  evidently  measured  by  the  product  of  the 
distance  from  the  center  of  <;ravitv  of  the  steel  to  the  centn)id  of 
compression  of  the  concrete,  times  the  total  compression  of  the  con- 
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Crete,  or,  otherwise,  times  the  tension  in  the  steel.  The  compression 
in  the  concrete  and  the  tension  in  the  steel  are  eijual,  and  it  is  there- 
fore only  a  matter  of  convenience  to  express  this  product  in  terms  of 
the  tension  in  the  steel.  Therefore,  adopting  the  notation  already 
mentioned,  we  may  write  the  formula: 

M  =  As  (d-x) (19) 

But  since  the  computations  are  frequently  made  in  terms  of  the  dimen- 
sions of  the  concrete  and  of  the  percentage  of  the  reinforcing  steel, 
it  may  be  more  convenient  to  write  the  equation : 

M=pbd8(d-x) (20) 

From  Equation  12  we  have  the  total  compression  in  the  concrete. 
Multiplying  this  by  the  distance  from  the  steel  to  the  centroid  of 
t*ompression  (d  —  x),  we  have  another  ecjuation  for  the  moment: 

il/.,=  |(1-  -l^)  gc^hkd  {d-x)      (21) 

This  equation  is  perfectly  general,  except  that  it  depends  on  the 
assumption  as  to  the  form  of  the  stress-strain  diagram  as  described  in 
Article  200.  On  the  assumption  that  q  =  ?i  for  ultimate  stresses  in 
the  ccwcrete,  the  equation  becomes: 

When  the  percentage  of  steel  used  agrees  with  that  computed  from 
E(|uation  18,  then  E(|uations  20  and  22  will  give  identically  the 
same  results;  but  when  the  percentage  of  steel  is  selected  arbitrarily, 
as  is  frequently  done,  then  the  proposed  section  should  be  tested  by 
both  equations.  Wlien  the  percentage  of  steel  is  larger  than  that 
required  by  Equation  18,  the  concrete  will  be  compressed  more  than 
is  intended  before  the  steel  attains  its  normal  tension.  On  the  other 
hand,  a  lower  percentage  of  steel  will  require  a  higher  unit-tension 
in  the  steel  before  the  concrete  attains  its  normal  compression.  When 
the  discrepancy  between  the  percentage  of  steel  assumed  and  tlu' 
true  economical  value  is  very  great,  the  stress  in  the  steel  (or  the 
concrete)  may  become  dangerously  high  when  the  stress  in  the  other 
element  (on  which  the  computation  may  have  been  made)  is  only 
normal. 

268.     Example  1.     What  is  tho  ultiinato  rcsistinj^  moment  of  a  coTicrete 
beam  made  of   1:3:5  concn'tc,  whicli  is  7  inclu's  wide?,  10  inches  deep  to  the 
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reinforcement,  and  which  uses  1.2  jx^r  cent  of  reinforcement?  The  concrete 
is  supposed  to  have  a  ratio  for  the  mo(hiH  of  (^histicity  (r)  of  15.  The  ultimate 
strength  of  the  concrete  ((')  is  assumed  as  2,000. 

Answer.  From  Table  XIII,  p  =  .012,  and  r  =  15,  A:  =  .400; 
X  =  .357  kd  =  ,l7i)  d;  d  —  X  =  .825  rf.     From  Equation  22  we  have: 

Mo=  -^-r  X  2,000  X  .490  X  7  X  10  X  8.25-330,137  inch-pounds. 

The  total  compression  in  the  concrete  is  the  continued  product  of 
all  the  factors  except  the  last,  and  ecjuals  40,017.  But  this  equals  the 
tension  in  the  steel,  whose  area  =  pbd  =  .012  X  7  X  10  =  .84 
square  inch.  Therefore  the  unit-stress  in  the  steel  would  equal 
40,017  -r-  .84  =  47,()40  pounds  per  square  inch.  This  is  cnmsiderably 
less  than  the  usual  ultimate  of  55,<)00,  and  shows  that  the  |)erc*entage 
of  steel  is  considerably  in  excess  of  the  normal  value. 
From  Eijuation  20,  assuming  s  =  55,000,  we  have: 

iUo-.012  X  7  X  10  X  55.0(X)  X  S.25  =  372.900  inch-pounds. 

If  the  l)eam  were  actually  stn\ssed  with  this  moment,  the  total  com- 
pres.sion  in  the  concrete  would  e(jual  372,9(X)  ^  8.25  =  45,200 
pounds.     From  E(iuation  13  we  have: 

15.200  -      ',  r'bkd^.    j^yc'   X  7  X  .190  X  10. 

Solving  for  r/, 

r'  -    15,200  -  20.00.S  -  2.205  pounds, 

which  is  considerablv  more  than  that  a.ssunuHl — 2,000. 

The  practical  interpretation  of  the  above  is  that  if  the  beam 
is  tested  by  E(iuation  22,  indicating  an  ultimate  moment  of  330,137 
inch-pounds,  and  the  actual  proposed  loading,  multiplied  by  its 
factor  of  safetv,  does  not  have  a  moment  which  exceeds  this  value, 
the  compression  in  the  concrete  will  not  be  more  than  2,000  pounds 
per  scjuare  inch,  while  the  tension  in  the  steel  will  be  not  greater 
than  47,040  pounds  per  scjuare  inch  (ultimate  value),  which  is  safe 
but  uneconomical.  ( )n  the  other  hand ,  if  Ivjuation  20  were  employed, 
indicating  an  ultimate  moment  of  372,900  pounds,  and  the  ultimate 
loading  of  the  beam  seemed  to  require  this  moment,  the  steel  would 
be  all  right,  but  the  concrete  would  have  an  ultimate  compression  of 
2,205  pounds,  which  would  be  dangerous  for  that  grade  of  concrete. 
Therefore,  as  a  (jencral  rule,  whenever  the  percentage  of  steel  has  been 
assumed,  both  ecjuations  (20  and  22)  should  be  tested.    The  Uxwesi 
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ultimate  moment  should  be  the  limit  which  should  not  be  exceeded 
by  the  ultimate  moment  of  the  actual  loading,  for  the  use  of  the 
higher  value  will  mean  an  excessive  stress  in  either  the  concrete  or 
the  steel. 

Example  2.  What  will  be  the  ultimate  resisting  moment  of  a  5-inch 
slab  made  of  a  high  quality  of  concrete  (1:2:4),  using  the  most  economical 
percentage  of  steel? 

Answer.  For  this  quality  of  concrete,  r  =  10;  the  ultimate 
compressive  strength  of  the  concrete  is  2,700;  and  the  ultimate 
tension  in  the  steel  is  assumed  at  55,000.  Substituting  these  values 
in  Equation  18,  we  find  that  the  economical  percentage  of  steel  is 
1.21.  Interpolating  this  value  of  p  in  Table  XIII,  considering  that 
r  =  10,  we  have  A:  =  .424.  Substituting  this  value  of  k  in  Equation 
14,  we  find  that  or  =  .151  d.  In  the  case  of  the  5-inch  slab,  we  shall 
assume  that  the  center  of  gravity  of  the  steel  is  placed  1  inch  from 
the  bottom  of  the  slab.  Therefore  d  =  4  inches.  For  a  slab  of 
indefinite  width,  we  shall  assume  that  b  =  12  inches.  Therefore  our 
computed  value  for  the  ultimate  resisting  moment  gives  the  moment 
of  a  strip  of  the  slab  one  foot  wide,  and  the  computed  amount  of  the 
steel  is  the  amount  of  steel  per  foot  of  width  of  the  slab. 

Substituting  these  various  values  in  Equation  20,  we  find  as  the 
value  of  the  ultimate  resisting  moment: 

A/o  =  .0121  X  12  X  4  X  55,000  X  .849  X  4  =  108,482  inch-pounds 

The  area  of  steel  required  for  each  foot  of  width  is: 

.4  =  .0121  X  12  X  4  =  .5808  s(|uaro  inch. 

This  equals  .0484  square  inch  per  inch  of  width.     Since  a  l-inch 

square  bar  has  an  area  of  .25  square  inch,  we  may  provide  the  rein- 

25 
forcement  by  using  ^-inch  square  bars  spaced  -j^~:  =5.17  inches, 

- ,  .     ,  . 04S4 

or,  say,  5J  mches. 

Example  3.  A  very  instnictive  comparison  may  l)e  made  by 
considering  a  5-inch  slab  with  d  =  4  inches,  but  made  of  \:'A:^)  con- 
crete. In  this  case  we  call  r  =  12;  c  =  2,000;  and  s  (as  before)  = 
55,000.  By  the  same  method  as  before,  we  ol)tain  /;  =  .00S4;  k  = 
.395;  and  therefore  x  =  .141  d.  Substituting  the.se  values  in  Equa- 
tion 20,  we  have : 

A/o  =-  .0084  X  12  X  4  X  55,000  X    850  X  4  -  70,197  inch-pounds. 
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The  area  of  steel  per  toot  of  width  is : 

A  =r  .0084  X  12  X  4  =  .4032  square  inch. 

This  would  require  J-inch  square  bars  spaced  7.33  inches.  Although 
the  amount  of  steel  rec|uired  in  this  slab  is  considerably  less  tlian 
was  required  in  the  pre>-ious  case,  the  ultimate  moment  of  the  slab 
is  also  very  much  less.  In  fact  the  reduction  of  strength  is  veiy 
nearly  in  proportion  to  the  reduction  in  the  amount  of  steel.  There- 
fore, it  must  be  observed  that,  although  the  percentage  of  steel  used 
with  high-grade  concrete  is  considerably  higher,  the  thickness  of  the 
concrete  ^-ill  be  considerably  less;  and  in  spite  of  the  fact  that  the 
percefiiage  of  steel  may  be  higher,  its  absolute  amount  for  a  slab  of 
equal  strength  may  be  approximately  the  same. 

Example  4.  Another  instructive  principle  may  be  learned  by 
determining  the  required  thickness  of  a  slab  made  of  1:3:5  concrete, 
which  shall  have  the  same  ultimate  strength  as  the  high-grade  con- 
crete mentioned  in  example  2.  In  other  words,  its  ultimate  moment 
per  foot  of  width  must  equal  108,482  inch-pounds.  The  values  of 
r,  c,  and  s  are  the  same  as  in  example  3,  and  therefore  the  value  of 
p  must  be  the  same  as  in  example  3;  therefore  p  =  .0084.  Since 
r  and  p  are  the  same  as  in  example  3,  k  again  equals  .395,  and  there- 
fore J-  =  .141  rf.     We  therefore  have  from  Equation  20: 

*    3/o  =  108,482  =  .0084  X  12  X  rf  X  55,000  X  .859  X  d. 

Solving  this  equation  for  rf,  we  find  <F  =  22.78;  and  d  =  4.77.  The 
area  of  the  stwl  .1  =  /)  h  d  =  .0084  X  12  X  4.77  =  .481.  This  is 
considerably  less  than  the  area  of  steel  per  foot  of  width  as  computed 
in  example  2  for  a  slab  of  wjual  strength.  On  the  other  hand,  the 
slab  of  1:3:5  concrete  will  recjuire  about  15  per  cent  more  concrete. 
It  will  also  weigh  alxnit  10  pounds  per  square  foot  more  than  the 
thinner  slab,  which  will  reduce  by  that  amount  the  permissible  live 
load.  The  determination  of  the  relative  economy  of  the  two  kinds 
of  concrete  will  therefore  depend  somewhat  on  the  relative  price 
of  the  concrete  and  the  steel.  The  difference  in  the  total  cost  of  the 
two  meth(xls  is  usually  not  large;  and  abnormal  variation  in  the 
price  of  cement  or  steel  may  be  sufficient  to  turn  the  scale  one  way  or 

the  other. 

269.     Determination  of  Values  for  Frequent  Use,    The  above 

methods  of  calculation  may  be  somewhat  simplified  by  the  deterrai- 
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mitioii,  oiic*e  for  all,  of  constants  which  arc  in  riHMjUcnt  nsc.  Vov 
exninple,  a  von'  lar^*  anionnt  of  work  is  U'ln;^  done,  usini^  1  :.'>  :  ."i 
«mcn»te.  Sometimes  cnpncers  will  nsc  the  forinnl;»*  (IcvcIojmhI  on 
the  basis  of  1:3:5  concrete,  even  when  it  is  known  that  a  richer 
mixture*  will  l)e  nse<l.  Althonj^h  such  a  jmictice  is  not  (economical. 
the  error  is  on  the  side  of  sjifetv;  and  it  makes  some  allowance  for  the 
fact  that  a  mixture  which  is  nominally  richer  inatf  not  have  anv 
{greater  strengtli  thjin  the  valnes  nsi^l  for  the  1:3:.")  niixtnr(\  mi 
accoimt  of  defective  workmanship  or  inferior  cement  or  sand.  Sonii* 
of  the  constants  for  nsc  with-  1:3:;")  mixtiiR*  and  1:2:4  mixtun* 
will  now  he  worked  out. 

For  the  1:3:5  mixture,  r  =  12;  c  =  2,(KK);  and  we  shall  assume 
s  =  GojOCX).  On  the  basis  of  such  values,  the  economical  iHrcmtaffr 
of  steel  is  .84  per  cent.  Under  these  conditions,  k  will  always  Wr 
.395;  and  x  will  ecjual  .141  d.  Therefore  the  term  (d  —  x)  will 
always  e(|ual  .S59  rf,  or,  say,  .<S()  d,  which  is  close  enouj^h  for  a  workinij 
value.  Since  the  above  values  for  c  and  s  r(»])resent  the  ultimate 
values,  the  resulting  moment  is  the  ultimate  moment,  which  wt  shall 
call  M^.  Therefore,  for  1:3:5  concn'te,  wc  have  the  constant 
values: 

Jl/„-  .00S4  Xff'I  X  '».").(MM>    <  .S(V/ 

-^^f^^f'  I (23) 

.1  -  .ons4  In!  s  ^     "^ 

(ii~x)  -  .srw 

Similarly  we  can  compute  a  corn\sj)ondin(ir  value  for  1:2:  I  concrete, 
usinj^  the  values  previously  allowed  For  this  ^radr: 

M,i  -   ..505  h  (l'~  I  /  ^j  \ 

A        .0121  Inl  ^     ■ 

(J-J)  -  .SVhI 

\umerirnl  Example.  A  flonrinjc  with  :i  livc-loail  r:ipacity  c»f  !.">()  nr>uiuls 
pr*r  w|iiare  foot,  in  to  bo  construclr*!  on  I-lH-a?n'<  spMcnl  (i  ti-i-t  ccriiiT  I'l  ci-ntiT. 
using  1:.3:  5  oonoruto.  Wluit  thickness  of  slub  will  lir  miuinMl.  .jiid  luiw  nnicli 
steel  must  be  used? 

Ansn^er.  l-sing  the  api)roximate  estimate,  based  on  experience, 
that  sudi  a  slab  will  w-eigh  about  a()  jxanids  per  scpiare  foot,  wc  can 
compute  the  ultimate  load  by  nmltii)lying  the  live  load,  150,  by  four. 
and  the  dead  load,  5<),  by  two,  and  obtain  a  total  ultimate  load  of 
7(.K)  |Mnmds  jht  s(|uare  foot.     A  strij)  1  foot  wide  and  i\  feet  long 
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(l)etween  the  l)eams)  will  therefore  carry  a  total  load  of  7(K)  X  0  ^ 
4,2(K)  pounds.     Considering  this  as  a  simple  l)e4iin,  we  hav<*: 

,,       W^l      4,200  X  0  X  1 2      ,,^^,,,,.     ,  , 

Placing  this  numerical  value  of  3/^  =  397  b  cP,  as  in  Equation  23,  we 

have  37,S(X)  =  397  b  cP.     In  this  case,  6  =  12  inches.     Substituting 

this  value  of  b,  we  solve  for  cP,  and  obtain  (P  =  7.93,  and  d  =  2.82 

inches.     Allowing  an  extra  inch  below  the  steel,  this  will  allow  us  to 

use  a  4-inch  slab.    Theoretically  we  could  make  it  a  little  less. 

Practically  this  figure  should  be  chosen.     The  required  steel,  fn)m 

Equation  23,  equals  .0084  bd.      Taking  fc  =  1,  we  have  the  re(|uired 

steel  per  inrk  of  width  of  the  slab  =  .0084  X  2.82  =  .0237  square 
inch.     If  we  use  i-inch  square  bars  which  have  a  cross-sectional  area 

25 
of  .25  sffuare  inch,  we  may  space  the  bars    'Z,~.y  =  10  inches.     This 

reinforcement  could  also  be  accomplished  by  using  'J-inch  square  bjirs, 

.1406 
which  have  an  area  of  .1406.     The  spacing  may  therefore  be  -    -—  = 

6.0  inches.  As  referred  to  later,  there  should  also  \ye  a  few  bars  laid 
perpendicular  to  the  main  reinforcing  bars,  or  parallel  with  the  I- 
l>eams,  so  as  to  prevent  shrinkage.  The  required  amount  of  this 
steel  is  not  readily  calculable.  Since  the  I-lieams  are  6  feet  apart,  if 
we  place  two  lines  of  ^-inch  square  bars  spaced  2  feet  apart,  parall<*l 
with  the  I-l>eams,  there  will  then  be  reinforcing  steel  in  a  direction 
parallel  with  the  I-beams  at  distances  ajMirt  not  greater  than  2  feet, 
since  the  I-beams  tliems(»lves  will  prevent  shrinkage  immediately 
around  them. 

270.  Straight=Line  Formulae.  The  working  unit-compressions 
for  even  the  best  grade  of  concrete  are  seldom  allowed  to  exceed  600 
pounds  per  square  inch.  An  inspection  of  Fig.  93  will  show  that  the 
cur\'e  from  the  point  o  to  the  point  indicating  a  pressure  of  600 
{X)unds,  although  really  a  parabola,  is  so  nearly  a  straight  line  that 
there  is  but  little  error  in  considering  it  to  l)e  straight.  On  this 
account,  many  formula*  for  the  strength  of  reinforced  concrete  have 
l)een  developed  on  the  basis  of  a  uniform  modulus  of  elasticity  for  the 
concrete.  This  is  virtually  the  same  as  assuming  that  (j  equals  zero 
in  Equation  16.  The  other  ecjuations  which  are  derived  frcmi  efpia- 
tions  involving  y,  must  also  be  correspondingly  modified. 
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Adopting  the  same  notation  as  in  Article  250,  we  may  say  that 
the  triangle  rnnX  in  Fig.  97  represents  the  compressive  forces;  that 
the  area  of  the  triangle  measures  the  summation  of  those  forces;  an<l. 
a.ssuming  that  in  this  case  c  =  mn,  the  summation  is: 


IX  =  -chkd  . 


.(25) 


The  center  of  gravity  of  the  triangle,  which  is  the  centroid  of  com- 
pression of  the  concrete,  is  at  \  of  the  height  of  the  triangle  (A-rf)  from 
the  c*ompression  face  of  the  concrete.  The  same  value  is  obtained  by 
making  7  =  0  in  the  equation  above  Equation  14,  which  gives  us: 


1 


'  =  3^" 


(26) 


Making  7  =  0  in  Efjuation  16,  we  have: 

k  =    N/2pr  -f  fh^-  pr 


(27) 


From  this  equation  we  may  deduce  Table  XV,  which  corresponds  to 
Table  XIII. 

TABLE  XV 

Value  of  k  for  Various  Values  of  r  and  p 
(Stral^ht-Llne  Formula) 


10 
12 
1.5 
20 
40 


J 

P 

.020 

.018 

.016 

.014 

.012 

.010 

.008 

1 

.006 

.004 

.003 

.464 

.440 

.427 

.407 

.385 

.358 

.328 

.292 

.246 

.216 

.493 

.470 

.457 

.436 

.412 

.385 

.353 

.314 

.26(> 

.235 

.531 

.513 

.493 

.471 

.440 

.418 

.384 

.343 

.29 1 

.258 

..580 

.562 

.542 

.519 

.493 

.463 

.428 

.384 

.328 

.292 

.ms 

.679 

.659 

.037 

.611 

.579 

.542 

.493 

.428 

.384 

k  = 


From  an  equation  in  Article  200,  by  calling  q  =  0,  we  may  write: 
.    By  making  7  =  0  in  Ecjuation  15,  we  may  write  pr  = 


cr  +  s 


1      k 


2  1-it 


.     By  eliminating  k  from  these  two  ecjuations,  we  may  write 


1  r        cr 


P  =  o  r 


2.S  {cr  +  s) 


(28) 


The  similarity  of  this  equation  to  Equation  18  is  readily  apparent, 
the  difference  being  due  only  to  the  elimination  of  the  effect  of  q. 
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The  moment  of  resistance  of  a  beam  equals  the  total  tensioim     ^^ 
the  steel,  or  the  total  compression  in  the  concrete  (which  are  ec|ua»-l^» 
times  {d  —   x).     Therefore  we  have  the  choice  of  two  values 
before) : 


M»  =-  As  {(i  —  x)  =  pbdsi  (d  —  T) 


(29) 


If  the  economical  percentage  p  has  already  l>een  determined  fro 
Ecjuation  28,  then  either  ecjuation  may  lie  used,  as  most  convenien 
since  they  will  give  identical  results.     If  the  j)ercentage  has  lH»e 
arbitrarily  chosen,  then  the  leaM  value  must  he  determine*!,  as  wn 
described  in  Article  267. 

271.     Determination  of  Values  for  Frequent  Use.    For  1:3: 
concrete,  using  as  before  r  =  12,  and  with  a  working  value  for  c 
500,  and  s  =  10,000,  we  find  from  Equation  28  that  the  ect)nomica 
|x*rcentage  of  steel  ecjuals: 

p  =  i..''500 500X12 

^       2  10,000    (500  X  12  +  16,000) 

From  Table  XV  we  find  by  interpolation  that,  for  r  =  12,  and  p  = 
.0048,  k  =  .278.    Then  (see  Ecjuation  26): 

J  -      kd  -   .09 U/;    and  (d-x)^  .909^/. 

Substituting  these  values  in  either  formula  of  Ec]uation  29,  we  have: 

M  =  62  bd'. 

The  percentage  of  steel  computed  from  Equation  28  has  been 
called  the  mofft  eeimomiral  percentage,  because  it  is  the  percentage 
which  will  develop  the  maxiunim  allowed  stress  in  the  concrete  and 
the  steel  at  tlie  same  time,  or  by  the  loading  of  the  beam  to  some 
definite  maximum  loading.  The  real  meaning  of  this  is  best  illus- 
trated by  a  numerical  example  using  another  percentage.  Assume 
that  the  percentage  of  steel  is  exactly  doubled,  or  that  p  =  2  X  .0043 
=  .OOSG.  From  Table  XV,  for  r  =  12,  and  p  =  .0086,  we  find 
k^  .302;  X  =  A2\d;  and  (d-x)  =  .<S79rf.  Substituting  these  values 
in  lx)th  forms  of  E({uati()n  29,  we  have: 

Mc  ■-'     so  />r/2  ;  and, 
Mn  =   121  bd^. 
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e  interpretation  of  these  two  equations,  and  also  of  the  ecjuation 
Found  above  (M  =  62  fccP),  is  as  follows:    Assume  a  beam  of  definite 
imensions  b  and  d,  and  made  of  concrete  whose  modulus  of  elasticity 
yV  that  of  the  modulus  of  elasticity  of  the  reinforcing  steel;  assume 
Tiat  it  is  reinforced  with  steel  having  a  cross-sectional  area  =  .0043 
Then,  when  it  is  loaded  with  a  load  which  will  develop  a  moment 
62  W,  the  tension  in  the  steel  will  equal  16,000  pounds  per  square 
nch,  and  the  compression  in  the  concrete  will  equal  500  pounds  per 
|uare  inch  at  the  outer  fibre.     Assume  that  the  area  of  the  steel  is 
exactly  doubled.     One  effect  of  this  is  to  Unver  the  neutral  axis  {k  is 
increased  from  .273  to  .362),  and  more  of  the  concrete  is  available  for 
compression.     The  load  may  be  increased  about  29  per  cent,  or  until 
the  moment  equals  80  6(f,  before  the  compression  in  the  concrete 
reaches  500  pounds  per  square  inch.     Under  these  conditions  the 
steel  has  a  tension  of  about  10,600  pounds  per  square  inch,  and  its 
full  strength  is  not  utilized.     If  the  load  were  increased  until  the 
moment  was  121  fccP,  then  the  steel  would  be  stressed  to  16,0(X)  pounds 
per  sciuare  inch,  but  the  concrete  would  be  compressed  to  over  750 
pounds,  which  would  of  course  be  unsafe  with  such  a  grade  of  con- 
crete.    If  the  compression  in  the  concrete  is  to  be  limited  to  500 
pounds  per  square  inch,  then  the  load  must  be  limited  to  that  which 
will  give  a  moment  of  80  b(P,     Even  for  this  the  steel  is  doubled  in 
order  to  increase  the  load  29  per  cent.     WTiether  this  is  justifiable, 
depends  on  several  circumstances — the  relative  cost  of  steel  and  con- 
crete, the  possible  necessity  for  keeping  the  dimensions  of  the  beam 
within  certain  limits,  etc.     Usually  a  much  larger  ratio  of  steel  than 
0.43  per  cent  is  used;  1.0  per  cent  is  far  more  common;  but  when 
such  is  used,  it  means  that  the  strength  of  the  steel  cannot   be 
fully  utilized  unless  the  concrete  can  stand  high  compression.     A 
larger  value  of  r  will  indicate  higher  values  of  k,  which  will  indicate 
higher  moments;  but  r  cannot  be  selected  at  pleasure.     It  depends 
on  the  character  of  the  concrete  used;  and,  with  E^  constant,  a 
large  value  of  r  means  a  small  value  for  E^,  which  also  means  a  small 
value  for  c,  the  permissible  compression  stress.     Whenever  the  per- 
centage of  steel  is  greater  than  the  economical  percent  age  y  as  is  usual, 
then  the  upper  of  the  two  formulae  of  Ecjuation  29  should  be  usixl. 
When  in  doubt,  both  should  be  tested,  and  that  one  giving  the  lower 
moment  should  l>e  used. 
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I'sing  p  =  .0075,  and  r  =  12,  we  have  k  =  .343;  x  =  .114d; 
and  {d  —  j-)  =  .886  rf.  Then,  since  p  is  greater  than  the  economical 
value,  we  use  the  upper  formula  of  Equation  29,  and  have: 

3/=  76  W^ (30) 

272.  Example  1.  What  is  the  working  moment  for  a  slab  with  5-inch 
tliickness  to  the  steel,  the  concrete  having  the  properties  described  above? 

An^nver.  Calling  6  =  12  inches,  M  =  76  X  12  X  25  =  22,800 
inch-pounds,  the  permissible  moment  on  a  section  12  inches  wide. 

Example  2.  A  slab  having  a  span  of  8  feet  is  to  support  a  load  of  150 
pounds  per  square  foot.  The  concrete  is  to  be  as  described  above,  and  the 
percentage  of  steel  is  to  be  0.75.     Wliat  is  the  required  thickness  d  of  the  steel? 

Afi^twer.  A  strip  12  inches  wide  has  an  area  of  8  s(|uare  feet,  and 
carries  a  load  of  1,200  pounds.  The  moment  =  i  ^Vl  =  I  X  1,200 
X  ')6  =  14,4(X)  inch-pounds.  For  a  strip  12  inches  wide,  /;  =  12 
inches,  and  J/  =  76  X  12  X  cP  =  9l2d'  =  14,400;  d"  =  15.79;  d 
=  3.07  inches — or,  say,  4  inches. 

273.  Table  for  Slab  Computation.  The  necessity  of  very  fre- 
quently computing  the  required  thickness  of  slabs,  renders  very 
useful  a  table  such  as  is  shown  in  Table  XVI,  which  has  been  worked 
out  on  the  l>asis  of  1:3:5  concrete,  and  computwl  by  solving  E({uati()n 
23  for  various  thicknesses  d,  and  for  various  spans  L  varying  by 
single  feet.  It  should  be  noted  that  the  loads  as  given  are  ultimate 
loads  per  square  foot,  and  that  they  therefore  include  the  weight  of 
the  slab  itself,  which  must  be  multiplied  by  its  factor  of  safety,  which 
is  usually  considered  as  2. 

For  example,  in  the  numerical  case  of  Artic^le  260,  we  computed 
that  there  woukl  l)e  a  total  load  of  700  pounds  on  a  span  of  i\  feet. 
In  the  column  headed  6,  we  find  704  on  the  same  line  as  the  value  of 
3.0  in  the  column  d.  This  shows  that  3.0  is  somewhat  excessive  for 
the  value  of  d.  We  computed  its  precise  value  to  be  2.S2.  On  the 
same  Hue,  we  find  under  **Spacing  of  Bars,"  that  ^-inch  s(|uare  bars 
spaced  oj  inches  will  be  sufficient.  In  the  above  more  ])recise  calcu- 
lati(m,  we  found  that  the  bars  could  be  s|)aced  (>  inches  tipart,  as  was 
to  1^  ex{K*cted,  since  the  computed  ultimate  load  is  considerably  less 
than  the  nearest  value  found  in  the  table. 

Example  1.  What  is  the  ultimate  load  that  will  bo  carried  by  a  5-inch 
slab  on  a  span  of  10  feet,  using  1:3:5  concrete? 
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ArvmH'r,  The  5  inches  here  represents  the  total  thickness,  and 
we  shall  assume  that  the  eff(*ctive  thickness  {d)  is  1  inch  less.  There- 
fore d  =  A  inches.  On  the  line  opposite  d  =  4  in  Table  XVI,  and 
under  the  column  L  =  10,  we  have  508,  which  gives  the  ultimate 
load  {HT  scjuare  foot.  A  r)-inch  slab  will  weigh  approximately  (K) 
jHnuids  j)er  Mjuare  foot,  allowing  12  pounds  per  scjuare  foot  per  inch 
of  thickness.  Using  a  factor  of  2,  we  have  120  pounds,  which,  sub- 
tnicting  from  508,  leaves  388  pounds;  dividing  this  by  4,  we  have  97 
|M)unds  jKT  scfuare  foot  as  the  allow^able  working  load.  Such  a  load 
is  heavier  than  that  re(|uired  for  residences  or  apartment  houses.  It 
woidd  do  for  an  oflice  buikling. 

Example  2.  Tho  Hoor  of  a  factory  is  to  be  loaded  with  a  live  load  of 
,'U)()  |M)iiiid8  j)or  sciuare  foot,  the  slab  to  be  supported  on  beams  spaced  8  feet 
upurt.     What  inuKt  be  the  tlilckiiess  of  the  fioor-slab? 

Amwvr,  With  1,2(X)  jK)unds  jxt  s(|uare  foot  ultimate  loiid  for 
the  live  load  alone,  we  notice*  in  Table  XVI,  under  L  =  8,  tliat  1,241 
is  o]>jK)site  to  (/  --^  5.  This  shows  that  it  would  nxjuire  a  slab  nearly 
i\  inches  thick  to  supiK)rt  the  live  load  alone.  We  shall  therefore  add 
another  half-inch  as  an  estimatwl  allowance  for  the  weight  of  the 
shib;  and,  assuming  that  a  0  l-inch  slab  having  a  weight  of  78  pounds 
jHT  s<|uaix'  f(H)t  will  do  the  work,  we  multiply  300  by  4,  and  78  by  2, 
and  have  l,.'C>(')  pnmds  jht  s(|uan*  f(H)t  as  the  ultimate  lewd  to  l)e 
(uirriiHl.  Vnder  L  S,  in  Table  XVI,  we  find  that  1,350  comes 
IhMwchmi  1,211  and  l,r>OK  showing  that  a  slab  with  an  eflTective  thick- 
ness (/  of  about  5}  inches  will  have  this  ultimate  carrying  «i})acity. 
The  total  thickness  of  the  slab  should  therefoR*  Ik*  al)out  ()J  inches. 
The  table  also  shows  that  Uinch  Uirs  sjwctHl  aUnit  oj  incht^  a|xirt 
will  sent*  for  the  ivinforcement.  We  might  also  prtnide  the  riMU- 
fonvment  by  ij-inch  stjuan^  Uirs  sjku^hI  a  little  over  3  inches  a|Kirt; 
but  it  winild  proKibly  W  U'tter  jH>licy  to  use  the  half-inch  Iwrs, 
esjHvially  simv  the  s-inch  bars  will  it>st  somewhat  moR*  jK*r  })ound. 

271.  IVactica!  MethiHis  of  Spacing  Slab  Bars.  It  is  too  much 
to  exjHX't  of  workmen  that  Uirs  will  W  aix-urately  sjXK*etl  when  their 
di-stauiv  ajxiri  is  e\pn\s.>;tHl  in  fraciiouN  of  an  inch.  But  it  is  a  ci>ni- 
|Kirativoly  simple  mantr  to  riHjiiir^*  the  workmen  to  s|xice  the  liiirs 
evenly.  pnAidi'tl  ii  i--  arciiratrix  oMiipiHtxl  how  many  Uirs  should  In* 
laid  in  a  ci^^n  widih  kA  >\\\\k  Tor  lAainple.  in  the  aU»ve  c-;im\  a 
Kuu  I  of  ilic  ihH^riu::  ^^hiih  i>.  >;»v,  Jt>  fivi  wide,  should  havt' a  tletinite 
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number  of  bars;  20  feet  =  240  inches,  and  240  ^  5.75  -=  41.7.  We 
shall  call  this  42,  and  instruct  the  workmen  to  distribute  42  bars 
equally  in  the  panel  20  feet  wide.  The  workmen  can  do  this  without 
even  using  a  foot-rule,  and  can  adjust  them  to  an  even  spacing  with 
sufficient  accuracy  for  the  purpose. 

275.  Table  for  Computation  of  Simple  Beams.  In  Table  XM I 
has  been  computed  for  convenience  the  ultimate  total  load  on  rec- 
tangular l)eams  made  of  average  concrete  (1:3:5)  and  with  a  width 
of  1  inch.  For  other  widths,  multiply  by  the  width  of  the  beam. 
Since  M^  =  i  WJ;  and  since  by  Equation  23,  for  this  grade  of  con- 
crete, Mq  «=  397  b  cP;  and  since  for  a  computation  of  beams  1  inch 
wide,  6  =  1 ,  we  may  write  J  WJi  =  397  cP.  For  /  we  shall  substitute 
12  L.  Making  this  substitution  and  solving  for  W^,  we  have  M\  = 
265  (P  -r-  L,  Since  h  =  1,-4,  the  area  of  steel  i^er  inch  of  width 
of  the  beam  =  .0084  d. 

Example.  What  is  the  ultimate  total  load  on  a  simple  beam  havin;^  a 
depth  of  16  inches  to  the  reinforcement,  12  inches  wide,  and  having  a  span  of 
20  feet? 

Answer.  I^ooking  in  Table  XVII,  under  L  —  20,  and  opjH)sit(» 
d  =  16,  we  find  that  a  beam  1  inch  wide  will  sustain  a  total  load  of 
3,392  pounds.  For  a  width  of  12  inches,  the  total  ultimate  load  will 
l)e  12  X  3,392  =  40,704  pounds.  At  144  {x^unds  \yQT  cubic  foot,  the 
beam  will  weigh  3,840  pounds.  Using  a  factor  of  2  on  this,  we  shall 
have  7,680  pounds,  which,  subtracted  from  40,704,  gives  33,024. 
Dividing  this  by  4,  we  have  8,256  lbs.  as  the  allowable  live  load  on 
such  a  beam. 

276.  Resistance  to  the  Slipping  of  the  Steel  in  the  Concrete. 
The  previous  discussion  has  considered  merely  the  tension  and  com- 
pression in  the  upper  and  lower  sides  of  the  l>eam.  A  plain,  simple 
beam  resting  freely  on  two  end  supjx)rts,  has  neither  tension  nor 
compression  in  the  fibres  at  the  ends  of  the  beam.  I'he  horizontal 
tension  and  compression,  found  at  or  near  the  center  of  the  beam, 
entirely  disappear  by  the  time  the  end  of  the  beam  is  reached.  This 
is  done  by  transferring  the  tensile  stress  in  the  steel  at  the  l)ott()m  of 
the  l>eam,  to  the  compression  fibres  in  the  top  of  the  beam,  by  means 
of  the  intermediate  concrete.  This  is,  in  fact,  the  main  use  of  the 
concrete  in  the  lower  pjirt  of  the  beam. 

It  is  therefore  necessjiry  that  the  bond  between  the  ct^ncrete  and 
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the  steel  shall  be  sufficiently  great  to  withstand  the  tendency  to  slip. 
The  recjuired  strength  of  this  bond  is  evidently  ecjual  to  the  difference 
in  the  tension  in  the  steel  per  unit  of  length.  For  example,  suppose 
that  we  are  considering  a  bar  1  inch  square  in  the  middle  of  the  length 
of  a  beam.  Suppose  that  the  bar  is  under  an  actual  tension  of 
15,000  pounds  per  square  inch.  Since  the  bar  is  1  inch  square,  the 
actual  total  tension  is  15,000  pounds.  Suppose  that,  at  a  point  1 
inch  beyond,  the  moment  in  the  beam  is  so  reduced  that  the  tension 
in  the  bar  is  14,900  pounds  instead  of  15,000  pounds.  This  meiins 
that  the  difference  of  pull  (100  pounds)  has  been  taken  up  by  the 
concrete.  The  surface  of  the  bar  for  that  length  of  one  inch,  is  four 
square  inches.  This  will  require  an  adhesion  of  25  pounds  per  square 
inch  between  the  steel  and  the  concrete,  in  order  to  take  up  this 
difference  of  tension.  The  adhesion  between  concrete  and  plain 
bars  is  usually  considerably  greater  than  this,  and  there  is  therefore 
but  little  question  about  the  bond  in  the  center  of  the  beam.  But 
near  the  ends  of  the  beam,  the  change  in  tension  in  the  bar  is  far 
more  rapid,  and  it  then  l)ecomes  ciuestionable  whether  the  bond  is 
sufficient. 

Although  there  is  no  intention  to  argue  the  merits  of  any  form 
of  patented  bar,  this  discussion  would  not  l)e  complete  without  a 
statement  of  the  arguments  in  favor  of  dcjonned  bars,  or  bars  with 
a  mechanwal  bandy  instead  of  plain  bars.  The  deformed  bars  have 
a  variety  of  shapes;  and  since  they  are  not  prismatic,  it  is  evident  that, 
apart  from  adhesion,  they  cannot  Ik?  drawn  through  the  concrete 
without  splitting  or  crushing  the  concrete  immediately  around  the 
I)ars.  ITie  choice  of  form  is  chiefly  a  matter  of  designing  a  form 
which  will  furnish  the  greatest  resistance,  and  which  at  the  same  time 
is  not  unduly  expensive  to  manufacture.  Of  course,  the  deformed 
bars  are  necessarily  somewhat  more  expensive  than  the  plain  bars. 
ITie  main  line  of  argument  of  those  engineers  who  defend  the  use  of 
plain  bars,  may  be  summed  up  in  the  assertion  that  the  plain  bars  are 
**good  enough,"  and  that,  since  they  are  less  expensive  than  deformed 
bars,  the  added  expense  is  useless.  The  arguments  in  favor  of  a 
mechanical  bond,  and  against  the  use  of  plain  bars,  are  based  on  tliree 
assertions: 

First:  It  is  claimed  that  tests  have  apparently  verified  the 
aissertion  that  the  mere  soaking  of  the  concrete  in  water  for  several 
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months  is  sufficient  to  reduce  the  adhesion  from  i  to  5.  If  this<?on- 
tention  is  true,  the  adhesion  of  bars  in  concrete  which  is  likely  to  be 
perpetually  soaked  in  water,  is  unreliable. 

Second:  Microscopical  examination  of  the  surface  of  steel,  and 
of  concrete  which  has  l)een  moulded  around  the  steel,  shows  that  the 
adhesion  depends  chiefly  on  the  roughness  of  the  steel,  and  that  the 
cement  actually  enters  into  the  microscopical  indentations  in  the 
surface  of  the  metal.  Since  a  stress  in  the  metal  even  within  the 
elastic  limit  necessarily  reduces  its  cross-section  somewhat,  the  so- 
called  adhesion  will  be  more  and  more  reduced  as  the  stress  in  the 
metal  becomes  greater.  This  view  of  the  case  has  l>een  verified  by 
recent  experiments  by  Professor  Talbot,  who  used  bars  made  of  tool 
steel  in  many  of  his  tests.  These  bars  were  exceptionally  smooth; 
and  concrete  beams  reinforced  with  these  bars  failed  generally  on 
account  of  the  slipping  of  the  bars.  Special  tests  to  determine  the 
bond  resistance,  showed  that  it  was  far  lower  than  the  bond  resistance 
of  ordinary  plain  bars. 

Third:  There  is  evidence  to  show  that  long-continued  vibration, 
such  as  is  experienced  in  many  kinds  of  factory  buildings,  etc.,  will 
destroy  the  adhesion  during  a  period  of  years.  Some  failures  of 
buildings  and  structures  which  were  erected  several  years  ago,  and 
which  were  long  considered  perfectly  satisfactory,  can  hardly  l)e 
explained  on  any  other  hypothesis.  Owing  to  the  fact  that  there  are 
comparatively  few  rein  forced -concrete  structures  which  have  l)een 
Iniilt  for  a  very  long  period  of  years,  positive  information  as  to  the 
durability  and  permanency  of  adhesion  is  lacking.  It  must  be  con- 
ceded, however,  that  comparative  test.s  of  the  bond  between  concrete 
and  steel  when  the  bars  are  plain  and  when  they  are  deformed  (the 
tests  being  made  within  a  few  weeks  or  months  after  the  c(mcrete  is 
made),  have  coni]>aratively  little  value  as  an  indication  of  what  that 
Ijond  will  l)e  under  some  of  the  adverse  circumstances  mentiont^l 
above,  which  are  perpetually  occurring  in  practice.  Non-partisiin 
tests  have  shown  that,  even  under  conditions  which  are  most  favor- 
ai)le  to  the  plain  bars,  the  deformed  bars  have  an  actual  hold  in  the 
concrete  which  is  from  .")()  to  100  per  cent  greater  than  that  of  plain 
bars.  It  is  unr|uestional)lc  that  age  will  increase  rather  than  diminish 
the  relative  inferiority  of  plain  i)ars. 

277.    Computation    of    the    Bond    Required    in    Bars.    From 
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Equation  19  we  have  the  formula  that  the  resistinji;  moment  at  any 
point  in  the  beam  equals  the  area  of  the  steel,  times  the  unit  tensile 
stress  in  the  steel,  times  the  distance  from  the  steel  to  the  centroitl  of 
compression  of  the  steel,  which  is  the  distance  d  —  x.  We  may  com- 
pute the  moment  in  the  beam  at  two  points  at  a  unit-distance  apart. 
The  area  of  the  steel  is  the  same  in  each  equation,  and  rf  —  a*  is 
substantially  the  same  in  each  case;  and  therefore  the  difference  of 
moment,  divided  by  (d  —  x),  will  evidently  ecpial  the  difference  in  the 
unit-stress  in  the  steel,  times  the  area  of  the  steel.  To  express  this  in 
an  ef|iiation,  we  may  say,  <lenoting  the  differenc*e  in  the  moment  by 
d  M,  and  the  difference  in  the  unit-stress  in  the  steel  bv  d  s : 

{d-x) 

But  A  X  d  s  IS  evidently  ecjual  to  the  actual  difference  in  tension  in 
the  steel,  measured  in  pounds.  It  is  the  amount  of  tension  which 
must  be  transferred  to  the  concrete -in  that  unit-length  of  the  i)eam. 
But  the  computation  of  the  difference  of  moments  at  two  sections 
that  are  only  a  unit-distance  apart,  is  a  comparatively  tedious  opera- 
tion, which,  fortunately,  is  unnecessary.  Theoretical  mechanics 
teaches  us  that  the  difference  in  the  moment  at  two  consecutive 
sections  of  the  beam  is  measured  by  the  total  vertical  shear  in  the 
l)eam  at  that  point.  The  shear  is  verj^  easily  and  readily  computable ; 
and  therefore  the  required  amount  of  tension  to  l>e  transferred  from 
the  steel  to  the  concrete  can  readily  be  computed.  A  numericjil  illus- 
tration may  be  given  as  follows :  Suppose  that  we  have  a  beam  which , 
with  its  load,  weighs  20,000  pounds,  on  a  span  of  20  fc*et.  losing 
ultimate  values,  for  which  we  multiply  the  loading  by  4,  we  have  an 
ultimate  loading  of  80,000  pounds.     Therefore, 

M.  =  ^  =  SO^OOOX^  ^  2,400,000. 

Using  the  constants  previously  chosen  for  1:3:5  concrete,  and  there- 
fore utilizing  Equation  23,  we  have  this  moment  e<iual  to  397  h  d'K 
Therefore  6  cP  =  6,045. 

If  we  assume  6  =  15  inches;  d  =  20.1  inches;  then  d  —  x  = 
.86rf  =  17.3  inches.    The  area  of  steel  equals: 

A  =  .0084  6  d  =  2.53  square  inches. 
We  know  from  the  laws  of  mechanics,  that  the  moment  diagram  for 
a  beam  which  is  uniformly  loaded  is  a  paralx)hi,  and  that  the  ordinate 


215 


204  MASONRY  AXD  REINFORCED  CONCRETE 

to  this  curve  at  a  |)oint  one  inch  from  the  abutment  will,  in  the  alx)ve 
case,  e(jual  (}  i  j))-  of  the  ordinate  at  the  abutment.  This  ordinate 
is  measured  by  the  maximum  moment  at  the  center,  multiplied  by 

the  factor  ({lo)^  =    rJ-JT^^  .9834;  therefore  the  actual  moment 

at  a  point  one  inch  from  the  abutment  =  (1.00  —  .9834)  =  .0160  of 
the  moment  at  the  center.     But  .0166  X  2,400,000  =  39,840. 

But  our  ultimate  loading  Ixnng  80,000  pounds,  we  know  that  the 
shear  at  a  point  in  the  middle  of  this  one-inch  length  equals  the  shear 
at  the  abutment,  minus  the  load  on  this  first  \  inch,  which  is  ^  J^  of 
40,000  (or  167)  pounds.  The  shear  at  this  point  is  therefore  40,000  — 
167  (or  39,833)  pounds.  This  agrees  w4th  the  above  value  39,840, 
as  closely  as  the  decimals  used  in  our  calculations  will  permit. 

The  value  of  d  —  ;r  is  somewhat  larger  when  the  moment  is  very 
small  than  when  it  is  at  its  ultimate  value.  But  the  difference  is 
comparatively  small,  is  on  the  safe  side,  and  it  need  not  make  any 
material  difference  in  our  calculations.  Therefore,  dividing  39,840 
by  17.3,  we  have  2,303  pounds  as  the  difference  in  tension  in  the  steel 
in  the  last  inch  at  the  abutment.  Of  course  this  does  not  literally 
mean  the  last  inch  in  the  length  of  the  beam,  since,  if  the  net  span 
were  20  feet,  the  actual  length. of  the  beam  would  be  considerably 
greater.  The  area  of  the  steel  as  computed  above  is  2.53  square 
inches.  Assuming  that  this  is  furnished  by  five  f-inch  square  bars, 
the  surfaces  of  these  five  bars  per  inch  of  length  equals  15  square 
inches.  Dividing  2,303  by  15,  we  have  153  {K)unds  per  square  inch 
as  the  rcH|uired  adhesion  between  the  steel  and  the  concrete.  ^^^Hle 
this  is  not  greater  than  the  adhesion  usually  found  l>etween  concrete 
and  steel,  it  is  somewhat  risky  to  depend  on  this;  and  therefore  the 
bars  are  usually  bent  so  that  they  run  diagonally  upward,  and  thus 
furnish  a  very  great  increase  in  the  strength  of  the  beam,  which  pre- 
vents the  beam  from  failing  at  the  ends.  Tests  have  shown  that 
l)eams  which  are  reinforced  by  bars  only  running  through  the  lower 
part  of  the  beam  without  being  turned  up,  or  without  using  any 
stirnips,  will  usually  fail  at  the  ends,  long  before  the  transverse 
moment,  which  they  possess  at  their  center,  has  been  fully  developcnl. 

27S.  Distribution  of  Vertical  Shears.  Beams  which  are  testcnl 
to  destruction  fre({uently  fail  at  the  ends  of  the  beams,  long  before 
the  transverse  strength  at  the  center  has  been  fully  developed.     Even 
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if  the  bond  between  the  steel  and  the  concrete  is  amply  strong  for  the 
requirements,  the  beam  may  fail  on  account  of  the  shearing  or  diag- 
onal stresses  in  the  concrete  between  the  steel  and  the  neutral  axis. 
The  student  must  accept  without  proof  some  of  the  following  state- 
ments regarding  the  distribution  of  the  shear. 

The  intensity  of  the  shear  of  various  points  in  the  height  of  the 
beam,  may  be  represented  by  the  diagram  in  Fig.  99.  If  we  ignore 
the  tension  in  the  concrete  due  to  transverse  bending,  the  shear  will 
be  uniform  between  the  steel  and  the  neutral 
axis.  Above  the  neutral  axis,  the  shear  will 
diminish  toward  the  top  of  the  beam,  the 
cun-e  being  parabolic. 

If  the  distribution  of  the  shear  were  ^ 
uniform  throughout  the  section,  we  might 
say  that  the  shear  per  square  inch  would 
equal  V  -^  hd.  It  may  be  proved  that  t;, 
the  intensity  of  the  vertical  shear  per  square 
inch,  is: 


Neut  Axis 


.60sd 


1'  f'it\  Fig.  W.    Intensity  of  Shear  at 

«  == ! vol  )  Various  Points  in  Height 

b{d-x)  ofHeani. 

In  the  al)ove  case,  the  ultimate  total  shear  V  in  the  last  inch  at 
the  end  of  the  beam,  is  39,840  pounds.    Then, 

^'  ^  IK  s!^  IT  Q  ~  153.5  pounds  per  square  inch. 

The  agreement  of  this  numerical  value  of  the  unit-intensity  of  the 
vertical  shear  with  the  required  bond  between  the  concrete  and  the 
steel,  is  due  to  the  accidental  agreement  of  the  width  of  tlie  l)eam 
(15  inches)  with  the  superficial  area  of  the  bars  per  inch  of  length  of 
the  beam  (15  square  inches).  If  other  bars  of  the  same  crosS'Sec- 
tUmal  area,  but  with  greater  or  less  superficial  surface,  had  been 
selected  for  the  reinforcement,  even  this  accidental  agreement  would 
not  have  been  found. 

The  actual  strength  of  concrete  in  shear  is  usually  far  greater 
than  this.  The  failure  of  beams  which  fail  at  the  ends  when  loaded 
with  loads  far  within  their  capacity  for  transverse  strength,  is  gener- 
ally due  to  the  secondary  stresses.  The  computation  of  these  stresses 
is  a  complicated  problem  in  Mechanics;  but  it  may  be  proved  that  if 
we  ignore  the  tension  in  the  concrete  due  to  bending  stresses,  the 
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diagonal  tension  jxt  unit  of  area  eijuals  the  vertieal  sliwir  per  unit  of 
area  (r).  But  concrete  which  may  stand  a  sliearing  stress  of  1,(XK) 
jxjunds  jx^r  scjuare  inc^h  will  probably  fail  under  a  direct  tension  of 
200  jx)unds  per  s(juare  inch.  The  diagonal  stress  has  the  nature  of  a 
direct  tension.  In  Xhv  above  case  the  beam  probably  would  not  fail 
l)y  this  method  of  failure,  since  concrete  can  usually  stand  a  tension 
up  to  2(K)  jKHinds  per  scjuare  inch;  but  such  l)eams,  when  they  are 
not  diagonally  reinforced,  frtHjuently  fail  in  that  way  before  their 
ultimate  loads  are  reachcnl. 

271).  Methods  of  Guarding  against  Failure  by  Shear  or  Diagonal 
Tension.  The  failure  of  a  beam  by  actual  shear  is  almost  unknown. 
The  failures  usually  ascribed  to  shear  are  generally  niused  by  diagonal 
tension.  A  solution  of  the  very  simple  E(|uation  3!  will  indicate 
the  intensity  of  the  vertical  shear. 

The  relation  of  crushing  strength  to  shearing  strength  is  ex- 
pressed by  the  ecjuation: 

c' 
I'nit  slu'.'irinK  stn'iicth  z  ~  ■   ^       „  , 

2  tan  0 

in  which  z  is  the  unit  shearing  strength,  and  0  is  the  angle  of  rupture 
under  direct  compression.  This  angle  is  usually  considered  to  be 
(U)°;  for  such  a  value  the  shearing  strength  would  etjual  & -r-  3.4(>4. 
When  6  ^--  4.')°,  the  shearing  strength  would  ecjual  one-half  of  the 
crushing  strength,  and  this  agrees  very  closely  with  the  results  of 
tests  made  by  Professor  SpofVord.  But  the  shearing  strt»ngth  is  con- 
siilcred  to  l)e  a  fur  less  relijd)l<'  quantity  than  the  crushing  strength; 
and  tlierefnre  dependence*  is  not  [)lac(Hl  on  shear,  even  for  ultimate 
loadin<r,  to  :i  greater  value  than  about  one-half  of  the  alK)ve  value;  or, 

rsuallv  llu*  niiit-intensitv  of  the  vertical  shear  (even  for  ultimate 
loads)  is  less  tlian  this.  But  this  ignores  the  assistance  furnished  by 
the  bars.  Actual  failure  would  re(|uire  that  the  bars  must  cnish  the 
concrete  under  them.  Wlieii,  as  is  usual,  there  are  bars  passing 
obli(|iu*ly  throiigli  tlie  section,  a  considerable  portion  of  the  shear  is 
carried  l>v  direct  tension  in  the  l)ars. 

It  si'cms  ini[)racti(al)l<*  to  develoj)  a  rational  formula  for  the 
amount  of  assistance  furnislu'd  by  tliese  iliagonal  bars,  unless  we 
make  assumptions  which  are  doubtful  and  which  therefore  vitiate 
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the  reliability  of  the  whole  calculation.  Therefore  the  rulrs  \Yhich 
have  been  suggested  for  a  prevention  of  this  form  of  failure  are  wholly 
empirical.  Mr.  E.  L.  Ransome  uses  a  nile  for  spacing  vertiail 
stirrups,  made  of  wires  or  ^inch  rods,  as  follows: 

The  first  stirrup  is  placed  at  a  distance  from  the  end  of  the  beam 
equal  to  one-fourth  the  depth  of  the  beam;  the  second  is  at  a  distance 
of  one-half  the  depth  beyond  the  first  stirrup;  the  third,  three-fourths 
of  the  depth  l)eyond  the  second;  and  the  fourth,  a  distance  equal  to 
the  depth  of  the  beam  beyond  the  third  (see  Fig.  1(K)).  This  empir- 
ical rule  agrees  with  the  theory,  in  the  respect  that  the  stirnips  are 


— f-N^  : 


^W^ 


Pig.  100.    Spacing  of  Stirrups. 

closer  at  the  ends  of  the  beam,  where  the  shear  is  greatest.  The  four 
stirrups  extend  for  a  distance  from  the  end  equal  to  2V  times  the  depth 
of  the  beam.  Usually  this  is  a  sufficient  distance;  but  some  "sys- 
tems" use  stirrups  throughout  the  length  of  the  beam.  On  very  short 
beams,  the  shear  changes  so  rapidly  that  at  2i  times  the  depth  from 
the  end  of  the  beam  the  shear  is  not  generally  so  great  as  to  produce 
dangerous  stresses.  With  a  very  long  l>eam,  the  change  in  the 
shear  is  corresj)ondingly  more  gradual;  and  it  is  possible  that  stir- 
nips  or  some  other  device  must  l^e  us«l  for  a  greater  actual  distance 
from  the  end,  although  for  a  less  proportional  distance. 

When  the  diagonal  reinforcement  is  accomplished  by  iK^nding 
up  the  bars  at  an  angle  of  about  4;")°,  the  bending  should  be  done  so 
that  there  is  at  all  sections  a  sufficient  area  of  steel  in  the  lower  part 
of  the  beam  to  withstand  the  transverse  moment  at  that  section.  As 
fast  as  the  bars  can  be  spared  from  the  bottom  of  the  beam,  they 
may  be  turned  up  diagonally  so  that  there  are  at  every  section  of  the 
beam  one  or  more  bars  which  would  be  cut  diagonally  by  such  a 
section.  On  this  account  it  is  far  better  to  use  a  larger  number  of 
bars,  than  a  smaller  number  of  the  same  area.  For  example,  if  it 
were  required  that  there  shall  be  2.25  square  inches  of  steel  for  the 
section  at  the  middle  of  the  beam,  it  would  be  far  better  to  use  nine 
i-inch  bars  than  four  J-inch  bars.     In  either  case,  the  steel  has  the 
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same  area  and  tlie  same  weight.  Tlie  nine  i-ineh  l)ars  give  a  much 
In^tter  distribution  of  the  metiil.  The  siijx*rficial  area  of  the  nine 
i-inch  bars  is  18  sc|uare  inches  per  linear  inch  of  the  beam,  while  the 
area  of  the  four  J-inch  bars  is  only  12  square  inches  per  inch  of  length. 
But  an  even  greater  advantage  is  furnished  by  the  fact  that  we  have 
nine  bars  instead  of  four,  which  may  be  bent  upward  (and  bent  more 
easily  than  the  J-inch  bars)  as  fast  as  they  can  be  spared  from  the 
l)ottom  of  the  l)eam.  In  this  wav  the  shear  near  the  end  of  the  beam 
may  be  much  more  effectually  and  easily  provided  for. 

Since  the  shear  is  greatest  at  the  ends  of  the  beam,  more  bars 
should  be  reserved  for  turning  up  near  the  ends.  For  example,  in  the 
above  case  of  the  nine  bars,  one  or  two  bars  might  be  turned  up  at 
about  the  quarter-points  of  the  beam.  One  or  two  more  might  be 
turned  up  at  a  distance  equal  to,  or  a  little  less  than,  the  depth  of  the 
beam  from  the  quarter-points  toward  the  abutments.  Others  would 
l)e  turned  up  at  intermediate  points;  at  the  abutments  there  should 
\ye  at  least  two,  or  j)erhaps  three,  diagonal  bars,  to  take  up  the  maxi- 
nuim  shear  near  the  abutments.  This  is  illustrated,  although  with- 
out definite  calculations,  in  Fig.  101. 
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Ft;^.  101.     Hars  Turnoil  V\\  m  Tako  V\\  Shear  lU'ar  EntN  of  Bt^am. 


2S0.  Detailed  Design  of  a  Plain  Beam.  This  will  W  iliustratt^l 
by  a  numerical  example.  A  beam  having  a  sjxin  of  IS  fet^t  supjx)rts 
(Mie  side  of  a  (Vinch  slab  S  fivt  wide  which  carries  a  live  load  of  200 
jK)unds  per  scjuare  f(x>t.  In  addition,  a  sj)ecial  piece  of  machinery', 
weighing  2,4(K)  piMinds,  is  locateil  on  the  slab  so  near  the  middle  of 
the  Ih^iui  that  we  shall  CHMisider  it  to  be  a  concentratetl  load  at  the 
ivnter  of  the  lH*am.  The  flcn^r  area  carritxl  bv  the  beam  is  IS  feet  bv 
-I  ftH»t  =  72  squart*  fivt.  Adding  3  inches  to  the  6  inches  thickness 
t>f  the  slab  as  an  allowance  for  the  weight  of  the  beam,  we  have 
0  \  12  =  lOS  ptMHids  jx»r  sijuare  fix>t  for  the  dead  weight  of  the  HiK)r. 
With  a  factor  of  2  for  dead  VwA,  this  e<juals  2ir>.  Using  a  factor  oi 
4  on  the  live  Uxid  .2iX^\  we  have  S)0  jxnnuls  jxt  s^juan^  fiH>i.  Then 
the  ultimate  load  t»n  the  Ix'iun,  due  to  these  sources,  is  .2lt»  —  MX>) 
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72  =  73,152  pounds.  So  far  as  its  eflFert  on  moment  is  concerned, 
the  concentrated  load  of  2,400  pounds  at  the  center  would  have  the 
same  effect  as  4,800  pounds  uniformly  distributed.  As  it  is  a  piece  of 
vibrating  machinery,  we  shall  use  a  factor  of  six  (0),  and  thus  have 
an  ultimate  effect  of  6  X  4,800  =  28,800  pounds.  Adding  this  to 
73,152,  we  have  101,952  pounds  as  the  equivalent,  ultimate,  uniformly 
distributed  load.     Then, 

Mo  --=  J  Wu  /  =  i  X  U)l,9r>2  X  210  =  2,752.704. 
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d'{0((b«rsi..i2'«i*     Section  AB 

Fig.  102.    I{<*lnforced  Beam. 

In  onler  to  reduce  as  much  as  possible  the  size  and  weight  of  this 
l)eam,  we  shall  u.se  1:2:4  concrete,  and  therefore  apply  K(iuation  24: 

2,752,704  -  505  6^/=*; 
/>r/2  -  4,.S72. 

If  fc  =^  10  inches,  (P  =  304.5,  and  d  =  17.5  inches. 

A  still  l)etter  combination  would  be  a  deej^er  and  narrower  l>eam 
with  h  =  12  inches,  and  d  =  20.15  inches.  With  this  comlnnaticm, 
the  recjuired  area  of  the  steel  will  ecjual : 

A  =  .0121  Xhd=  .0121  X  12  X  20.15  =  2.9.3  square  inches. 

This  can  be  supplied  by  eight  bars  J  inch  s(][uare. 

The  total  ultimate  load  as  detennined  above,  is  101,952  pounds. 
One-half  of  this  gives  the  maximum  shear  at  the  ends,  or  50,970 
pounds.  Applying  Equation  31,  we  have,  since  rf  —  a:=.85d=17 
inches: 


V  =  .-: 


50,796 


=  249  pounds  per  square  inch. 


b(d-x)       12X17 

As  already  discussed  in  previous  cases,  the  ends  of  the  beam  must 
be  reinforced  against  diagonal  tension,  since  the  above  value  of  v  is 
too  great,  even  as  an  ultimate  value,  for  such  stress.     Therefore  the 
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mof  -cc  die  i«KL2L  1111253  Itf  rHnf«T«d  by  tumiiig  the  bars  up,  or  by  tl^^ 
"2st  rf  «:rrrEH5w    T^  liefcm  m^25t  thcrrfore  be  reinforced  about  ^^ 
^zfws,  3  Fic-  1*~    Ajibciodi  Ae  coocentrated  center  load  in  th->^^ 
cast  15  crczttTiTZT-tthr  T£c»  szkaB  lo  require  any  change  in  the  design,  :S^ 
^Kdji  ]x*T  !:«  fcr^oTXoi  ihat  a  concentrated  load  may  cause  the  shea.^-^^^ 
ID  dbutse  io  TapMSj  ibat  it  misht  require  special  provision  for  it  b] 
Dxans  ti  sdrrap?  zn  ibe  cecier  d  die  beam,  where  there  is  ordinarily 
DO  mr.fc<nKD«at  wiici  wul  a5£5i5t  shearing  stresses. 

i^^l.  Effect  of  Qsafit^  of  SceeL  There  is  one  very  radical  dif- 
ferencir  be-r»^*«i  the  l^tarioT  of  a  ctMicrete-steel  structure  and  that  of 
a  5tractuiv'  cc^mpoRed  entirely  of  sieel.  such  as  a  truss  bridge.  A  truss 
bridge  may  W  orerioukd  widi  a  load  which  momentarily  passes  the 
elastic  limit,  and  yet  the  bridge  will  not  necessarily  fail,  nor  cause  the 
truss  to  be  50  injured  that  it  is  useless  and  must  be  immediately 
replaced.  The  trusss  might  sag  a  little,  but  no  immediate  failure  is 
imminent.  On  this  account,  the  factor  of  safety  on  truss  bridges  is 
usually  computed  on  the  basis  of  the  ultimate  strength. 

A  concrete-steel  structure  acts  very  differently.  As  has  already 
been  explained,  the  intimate  union  of  the  concrete  and  the  steel  at 
all  points  along  the  length  of  the  bar  (and  not  merely  at  the  ends), 
b  an  absolute  essential  for  stability.  If  the  elastic  limit  of  the  steel 
has  been  exceeded  owing  to  an  overioad,  then  the  union  between  the 
concrete  and  the  steel  has  unquestionably  been  destroyed,  provided 
that  union  depends  on  mere  adhesion.  Even  if  that  union  is  assisted 
by  a  mechanical  bond,  the  dbtortion  of  the  steel  has  broken  that  bond 
to  some  extent,  although  it  \^ill  still  require  a  very  considerable  force 
to  pull  the  bar  through  the  concrete.  It  is  therefore  necessary  that 
the  elastic  limit  of  the  steel  should  be  considered  the  virtual  ultimate 
so  far  as  the  strength  of  the  steel  is  concerned.  It  is  accordingly  con- 
sidered ad\'isal)le,  as  already  explained,  to  multiply  all  working  loads 
by  the  desired  factor  of  safety  (usually  taken  as  4),  and  then  to  pro- 
portion the  steel  and  concrete  so  that  such  an  ultimate  load  will 
produce  crushing  in  the  upper  fibre  of  the  concrete,  and  at  the  same 
time  will  stress  the  steel  to  its  elastic  limit.  On  this  basis,  economy 
in  the  use  of  steel  requires  that  the  elastic  limit  should  be  made 
as  lii^h  as  possible. 

The  manufacture  of  steel  of  very  high  elastic  limit  requires  the 
use  of  a  comparatively  large  proportion  of  carbon,  which  may  make 
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the  steel  objectionably  brittle.  The  steel  for  this  purpose  must 
therefore  avoid  the  two  extremes — on  the  one  hand,  of  being  brittle; 
and  on  the  other,  of  being  so  soft  that  its  elastic  limit  is  very  low. 

Several  years  ago,  bridge  engineers  thought  that  a  great  economy 
in  bridge  construction  was  possible  by  using  very  high  carbon  steel, 
which  has  not  only  a  high  elastic  limit  but  also  a  correspondingly  high 
ultimate  tensile  strength.  But  the  construction  of  such  bridges 
requires  that  the  material  shall  be  punched,  forged,  and  otherwise 
handled  in  a  way  that  will  very  severely  test  its  strength  and  perhaps 
cause  failure  on  account  of  its  brittleness.  The  stresses  in  a  concrete- 
steel  structure  are  very  different.  The  steel  is  never  punched;  the 
individual  bars  are  never  subjected  to  transVerse  bending  after  being 
placed  in  the  concrete.  The  direct  shearing  stresses  are  insignificant. 
The  main  use,  and  almost  the  only  use,  of  the  steel,  is  to  withstand  a 
direct  tension;  and  on  this  account  a  considerably  harder  steel  may 
be  used  than  is  usually  considered  advisable  for  steel  trusses. 

If  the  structure  is  to  be  subject  to  excessive  impact,  a  somewhat 
softer  steel  will  be  advisable;  but  even  in  such  a  case,  it  should  be 
remembered  that  the  mere  weight  of  the  structure  will  make  the 
effect  of  the  shock  far  less  than  it  would  be  on  a  skeleton  structure  of 
plain  steel.  The  steel  ordinarily  used  in  bridge  work,  generally  has  an 
elastic  limit  of  from  30,000  to  35,000.  If  we  use  even  33,000  pounds 
as  the  value  for  s  on  the  basis  of  ultimate  loading,  we  shall  find  that 
the  required  percentage  of  steel  is  very  high.  On  the  other  hand, 
if  we  use  a  grade  of  steel  in  which  the  carbpn  is  somewhat  higher, 
having  an  ultimate  strength  of  about  90,000  to  100,000  pounds  per 
square  inch,  and  an  elastic  limit  of  55,000  pounds  per  square  inch, 
the  required  percentage  of  steel  is  much  lower. 

282.  Slabs  on  I-Beams.  There  are  still  many  engineers  who 
will  not  adopt  reinforced  concrete  for  the  skeleton  structure  of  build- 
ings, but  who  construct  the  frames  of  their  buildings  of  steel,  using 
steel  I-beams  for  floor-girders  and  beams,  and  then  connect  the  beams 
with  concrete  floor-slabs  (Fig.  103).  These  are  usually  computed  on 
the  basis  of  transverse  beams  which  are  free  at  the  ends,  instead  of 
considering  them  as  continuoits  beams,  which  will  add  about  50  per  cent 
to  their  strength.  Since  it  would  be  necessary  to  move  the  reinforcing 
steel  from  the  lower  part  to  the  upper  part  of  the  slab  when  passing 
over  the  flpor-b^ms,  in  order  to  develop  the  additional  strength  which 
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is  theoretically  possible  with  continuous  beams,  and  since  this  is  not 
usually  (lone,  it  is  by  far  the  safest  practice  to  consider  all  floor-slabs  as 
being  **free-ended."  The  additional  strength  which  they  un- 
doubtedly have  to  some  extent  because  they  are  continuous  over  the 
beams,  merely  adds  indefinitely  to  the  factor  of  safety.  Usually  the 
re<juirement  that  the  I-beams  shall  be  fireproofed  by  surrounding  the 
beam  itself  w^ith  a  layer  of  concrete  such  that  the  outer  surface  is  at 
least  2  inches  from  the  nearest  point  of  the  steel  beam,  results  in 


ongHudirvd  hdors  to  prevent 
8br-f'nKa<^e     crttoke. 

ExpdindleGl  metal 
or  wire  Idrtih. 


Fig.  103.    Concrete  Floor-Slabs  on  I-Beam  Girders. 

having  a  shoulder  of  concrete  under  the  end  of  each  slab,  which  cjuite 
materially  adds  to  its  structural  strength.  But  usually  no  allowance 
is  made;  nor  is  there  any  reduction  in  the  thickness  of  the  slab  on 
account  of  this  added  strength.  In  this  case  also,  the  factor  of  safety 
is  again  indefinitely  increased.  The  fireproofing  around  the  beam 
must  usually  be  kept  in  place  by  wrapping  a  small  sheet  of  expanded 
metal  or  wire  lath  around  the  lower  part  of  the  beam  before  the  con- 
crete is  placed. 

Slabs  Reinforced  in  Both  Directions.  When  the  floor-beams 
of  a  Hoor  are  spaced  nearly  equally  in  both  directions,  so  as  to 
form,  between  the  l^eams,  panels  which  are  nearly  square,  a  material 
siiving  can  be  made  in  the  thickness  of  the  slab  by  reinforcing  it  with 
bars  running  in  both  directions.  The  theoretical  computation  of  the 
strength  of  such  slabs  is  exceedingly  complicated.  It  is  usually  con- 
sidereal  that  such  slabs  have  twice  the  strength  of  a  slab  supported 
onlv  on  two  sides  and  reinforced  with  bars  in  but  one  direction.     The 

•r' 

usual  method  of  computing  such  slabs  is  to  compute  the  slab  thick- 
ness, and  the  spacing  and  size  of  the  reinforcing  steel,  for  a  slab  which 
fs  to  carry  on^-half  of  the  actual  load.  Strictly  speaking,  the  slab 
should  be  thicker  by  the  thickness  of  one  set  of  reinforcing  bars. 

283.  Reinforcement  against  Temperature  Cracks.  The  modulus 
of  elasticity  of  ordinary  concrete  is  approxunately  2,400,000  pounds 
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per  square  inch,  while  its  ultimate  tensioniil  strength  is  about  200 
pounds  per  scjuare  inch.  Therefore  a  pull  of  alx)ut  itt.Voit  ^^  the 
length  would  nearly,  if  not  quite,  rupture  the  concrete.  The  coefficient 
of  expansion  of  concrete  has  been  found  to  be  almost  identical  with 
that  of  steel,  or  .0000065  for  each  degree  Fahrenheit.  Therefore,  if  a 
block  of  concrete  were  held  at  the  ends  with  absolute  rigidity,  while 
its  temperature  were  lowered  about  12  degrees,  the  stress  developed 
in  the  concrete  would  be  very  nearly,  if  not  quite,  at  the  rupture  point. 
Fortunately  the  ends  will  not  usually  be  held  with  such  rigidity;  but 
nevertheless  it  does  generally  happen  that,  unless  the  entire  mass  of 
concrete  is  permitted  to  expand  and  contract  freely  so  that  the  tem- 
perature stresses  are  small,  the  stresses  will  usually  localize  themselves 
at  the  weak  point  of  the  cross-section,  wherever  it  may  be,  and  will 
there  develop  a  crack,  provided  the  concrete  is  not  reinforced  \vnth 
steel.  If,  however,  steel  is  well  distributed  throughout  the  cross- 
section  of  the  concrete,  it  will  prevent  the  concentration  of  the  stresses 
at  local  points,  and  will  distribute  it  uniformly  throughout  the  mass. 

Reinforced-concrete  structures  are  usually  provided  with  bars 
'  running  in  all  directions,  so  that  temperature  cracks  are  prevented 
by  the  presence  of  such  bars,  and  it  is  generally  imnecessary  to  make 
any  special  provision  against  such  cracks.  The  most  common  ex- 
ception to  this  statement  occurs  in  floor-slabs,  which  structurally 
recjuire  bars  in  only  one  direction.  It  is  found  that  cracks  parallel 
with  the  bars  which  reinforce  the  slab  will  l)e  prevented  if  a  few  bars 
are  laid  perpendicularly  to  the  direction  of  the  main  reinforcing  bars. 
Usually  i-inch  or  f-inch  bars,  spaced  about  2  feet  apart,  will  be 
sufficient  to  prevent  such  cracks. 

Retaining  walls,  the  balustrades  of  bridges,  and  other  similar 
structures,  which  may  not  need  any  bars  for  purely  structural  reasons, 
should  be  provided  with  such  bars  in  order  to  prevent  temperature 
cracks.  A  theoretical  deterpaination  of  the  amount  of  such  rein- 
forcing steel  is  practically  impossible,  since  it  depends  on  assumptions 
which  are  themselves  very  doubtful.  It  is  usually  conceded  that  if 
there  is  placed  in  the  concrete  an  amount  of  steel  whose  cross-sectional 
area  equals  about  ^  of  1  per  cent  of  the  area  of  the  concrete,  the 
structure  will  be  proof  against  such  cracks.  Fortunately,  this  amount 
of  steel  is  so  small  that  any  great  refinement  in  its  determination  is  of 
little  importance.     Also,  since  such  bars  have  a  value  in  tying  the 
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Htnictur*^  ti»m;llicr,  ninl  thus  atldinjr  somewhat  tci  ha  strengtli  and 
iil>ility  tr>  n'sist  ili.siiitegrutiim  owing  to  vibrations,  the  bars  arc 
usually  worth  wliat  tliey  cost. 

STRENGTH  OF  T-BEAMS 

2S4.  Wiicn  coucTfte  l)eams  arc  laid  in  conjunction  with  over- 
lying flix>r-slal)s,  tlic  concrete  for  bot)i  the  l>eams  and  the  slabs  being 
laid  in  one  o[>eration,  tlie  strength  of  such  beams  is  very  much  greater 
than  their  strength  considered  merely  as  plain  beams,  even  though  we 
compute  the  <lepth  of  the  beams  to  l>e  e<iual  to  the  total  depth  from 
the  bottom  of  the  tteuni  to  tlie  top  of  the  slab.  An  explanation  of  this 
ailded  strength  may  Ik*  made  as  follows: 

If  we  were  to  c'onstnict  a  very  wide  l>eam  with  a  cross-section 
such  as  is  illustrated  in  Fig.  104,  there  is  no  hesitation  about  calcu- 
lating such  strength  us  that^f  a  plain  beam  whose  width  is  b,  and 

I g whose  effective  depth  to  the  rrin- 

'*''''''"  forcementisd.     Our  previous  study 

plain  beams  has  shown  us  that  the 

/y  I . .  fliv-el  in  the  bottom  of  the  beam  takes 

lK^'C4— care  of  practically  all  the  tension; 

that  the  neutral  axis  of  the  beam  is 

somewhat  al>ove  the  center  of  its 

-hciglit;  that  the  only  work  of  the 

concrete  Ih-Iow  the  neutral  axis  is  to 

~  t  *|     transfer  the  stress  in  the  steel  to  the 

vig.  idi.  Tii™miui~r.Ki-SiTH"Q.  concrete  in  the  top  of  the  beam;  and 
that  even  in  this  work  it  must  he  assisted  somewhat  by  stirrups  or  by 
W-nding  np  the  sttfl  bars.  If.  therefore,  we  ait  out  from  the  lower  cor- 
ners of  the  iH'um  two  rtM-langles,  as  .shown  by  the  unshaded  areas,  we 
an-  siiving  a  very  large  ]virt  of  the  i-onerete,  with  very  little  loss  in  the 
strength  of  the  W.iin,  pnnideil  we  can  fiiilil  certain  conditions.  The 
steel,  in,-;iead  of  Unng  distrihutiil  uniformly  thnnighout  the  bottom  of 
the  wide  In-am.  iseoneentr.iUHl  into  the  fom|«iraiively  narrow  portion 
\vhi<h  we  .shall  henafler  tall  itie  rih  of  ihe  K-am.  The  concentrated 
ten.sion  in  the  Kutom  of  this  rib  must  U-  tr.insfemil  to  the  compres- 
sii>n  area  at  the  top  of  the  U-am.  We  nin>t  ai.'ii>  dt'sigii  ihe  beam  so 
that  ihf  sh«iring  sir»>ssi's  in  the  phine  ihihI  innuealiately  Itelow  the 
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slab  shall  not  exceed  the  allowable  shearing  stress  in  the  concrete. 
We  must  also  provide  that  failure  shall  not  occur  on  account  of  shear- 
ing in  the  vertical  planes  (m  r  and  n  s)  between  the  sides  of  the  beam 
and  the  flanges. 

285.  Resisting  Moments  of  T-Beanu.  These  will  be  com- 
puted in  accordance  with  straight-line  formula;.  There  are  three 
possible  cases,  according  as  the  neutral  axis  is:  (1)  fcc/oic  the  lx)ttom 
of  the  slab  (which  is  the  most  common  case,  and  which  is  illustrated 
in  Fig.  105) ;  (2)  at  the  bottom  of  the  slab;  or  (3)  above  it.  All  pos- 
sible effect  of  tension  in  the  concrete  is  ignored.  For  Case  1 ,  even  the 
compression  furnished  by  the  concrete  l>etwecn  the  neutnil  axis  and 
the  under  side  of  the  slab  is  ignored.     Such  compression  is  of  course 


Pig.  105.   Compression  Strpss  ningr.ini  tnr  T-nesiii. 


zero  at  the  neutral  axis;  its  maximum  value  at  the  Ixittom  of  the 
slab  is  small;  the  summation  of  the  compression  is  evidently  small; 
the  lever  arm  is  certainly  not  more  than  ly;  therefore  the  moment 
due  to  such  compression  is  insignificant  compared  with  the  resisting 
moment  due  to  the  slab.  The  computations  are  much  more  com- 
plicated; the  resulting  error  is  a  very  small  percentage  of  the  true 
figure,  and  the  error  is  on  the  side  of  safety. 

2S6    Case  \.     If  c  is  the  maximum  compression  at  the  toi>  of  the 
slab,  and  the  stress-strain  diagram  is  rectilinear,  as  in  Fig.  HF>,  then 

the  compression  at  the  bottom  of  the  slab  is  <■  —  —  .     Tlif  average 

compression  =  i  {''■ 


kd 


kd 


kd 


{kd  -  \  t). 


t:i\  < 


pres.fion  equals  the  iivenige  ooniprcssiou  multiplied  by  llic 
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The  crciier  ••!  ^^viiv  of  iht-  cr»mpressive  stresses  is  evidently  afc. 
c«iier  of  <rr£i%":Ty  r.f  the  tnipe2/»i<l  of  pressures.     The  distance  ^kt 
ihi-  f'enit-r  lif  j^rniviiY  fn.m  tlie  if»p  c»f  the  beam  is  given  l)y  the  fommul 

...l-^^^"'--' (33) 

It  hasalivadv  \mrfu  Miown  in  Article  2<*4,  tliat: 

e.  rr  kii 

it  ■"  *i  —  kd 

ConiMnin:^  \\\\^  o}uati<»ii  with  E(|uation  32,  we    may  eliniinatt^    ""> 
and  obtain  a  value  f<»r  kd'. 

u^^^-rA^   (34) 

If  the  pereentage  of  steel  is  chosen  at  random,  Ihe  l>eani  will  probaL-^)* 
be  over-reinforcetl  or  under-reinforced.     In  general  it  will  therefu^  ^ 
be  necessiiry  to  c«>nipute  ihe  moment  with  refen»nce  to  the  steel  an-J^" 
also  with  reference  t<i  the  concrete,  and,  as  l>efore  with  plain  IjeaiC^^^^^^^ 
(E<|uation  29  ■,  we  sliall  have  a  \M\\r  of  expiations: 

.)/.       r   ,-s   -''''^,>^'/-i ')('/--)}.... (35) 

2S7.     Trwr   2.     If   wc    place   hd  —  t    in    the    e<|uation    alxjv 
iMjuation  34,  and  solve  for  d,  we  have  a  relation  In'twtHMi  d,  <\.s,  r, and 
/,  wliicli  holds  wlicn  the  neutral  axis  is  just  at  the  l)ottoni  of  the  slab.    ^^ 
The  etjuation  lK'Ct>uies: 


'  '■■'  ^  "2   (36) 


rr 


A  combination  of  dimensions  and  stresses  which  would  place  the 
neutral  axis  exactly  in  this  jK)siti()n,  is  improbable,  although  readily 
[X)ssible;  but  Ecjuation  36  is  very  useful  to  determine  whether  a  given 
numerical  problem  belongs  to  Case  1  or  Case  3.  ^Vhen  the  stresses  b 
and  c  in  tin*  steel  antl  concrete,  the  ratio  r  of  the  elasticities,  and  the 
thickness  /  of  the  slab  are  all  determined,  then  the  solution  of  Equa- 
tion 36  will  give  a  value  of  d  which  would  bring  the  neutral  axis  at  the 
bottom  of  the  slab.  But  it  should  not  be  forgotten  that  the  com^ 
pression  in  the  concrete  (c)  and  the  tension  in  the  steel  will  not 
simultaneouslv  have  certain  definite  values  (sav  c  =  500,  and  8  = 
16,000)  uidess  the  {KTcentagc  of  steel  has  been  so  chosen  as  to  give 
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thcfc^^  simultaneous  values.     When,  as  is  usual,  some  other  percentage 

^^  ^t:eel  is  used,  the  equation  is  not  strictly  applicable,  and  it  therefore 

^^^^Xild  not  be  used  to  determine  a  value  of  d  which  will  place  the 

^^^tral  axis  at  the  bottom  of  the  slab  and  thus  simplify  somewhat  the 

'^Viinerical    calculations.     For    example,    for    c  =  500,  s  =  16,000, 

^  =  12,  and  t  =  4  inches,  d  will  equal  14.67  inches.     Of  course  this 

V^^rticular  depth  may  not  satisfy  the  requirements  of  the  problem. 

If  the  proper  value  for  d  is  less  than  that  indicated  by  Equation  36, 

the  problem  belongs  to  Case  3;  if  it  is  viore,  the  problem  belongs  to 

Case  1. 

288.  Case  3.  The  diagram  of  pressure  is  very  similar  to  that  in 
Kg.  105,  except  that  it  is  a  triangle  instead  of  a  trapezoid,  the  triangle 
having  a  base  c  and  a  height  kd  which  is  less  than  L  The  center  of 
compression  is  at  J  the  height  from  the  base,  or  or  =  J  kd.  Equa- 
tions 25  to  29  are  applicable  to  this  case  as  well  as  to  Case  2,  which 
may  be  considered  merely  as  the  limiting  case  to  Case  3.  But  it 
should  be  remembered  that  6'  refers  to  the  width  of  the  flange  or 
slab,  and  not  to  the  width  of  the  stem  or  rib. 

289.  Width  of  Hange.  The  width  (6')  of  the  flange  is  usually 
considered  to  be  equal  to  the  width  between  adjacent  beams,  or  that 
it  extends  from  the  middle  of  one  panel  to  the  middle  of  the  next. 
The  chief  danger  in  such  an  assumption  lies  in  the  fact  that  if  the 
beams  are  very  far  apart,  they  must  have  corresponding  strength 
to  carry  such  a  floor  load,  and  the  shearing  stresses  between  the  rib 
and  the  slab  will  l)e  very  great.  The  method  of  calculating  such 
shear  will  be  given  later.  It  sometimes  happens  (as  illustrated  in 
Article  296),  that  the  width  of  slab  on  each  side  of  the  rib  is  almost 
indefinite.  In  such  a  case  we  must  arbitrarily  assume  some  limit, 
and  say  that  the  compression  in  the  slab  which  is  due  to  the  T- 
beam  is  confined  to  a  strip  which  is  (say)  fifteen  or  twenty  times  the 
thickness  of  the  slab.  If  the  compression  is  computed  for  two  cases, 
both  of  which  have  the  same  size  of  rib,  same  steel,  same  thickness  of 
slab,  but  different  slab  widths,  it  is  found,  as  might  be  expected,  that 
for  the  narrower  slab  width  the  unit-compression  is  greater,  the 
neutral  axis  is  very  slightly  lower,  and  even  the  unit- tension  in  the 
steel  is  slightly  greater.  No  demonstration  has  ever  been  made  to 
determine  any  limitation  of  width  of  slab  beyond  which  no  com- 
pression would  be  developed  by  the  transverse  stress  in  a  T-beam 
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rib  under  it.  It  is  probably  safe  to  assume  that  it  extends  for  seven 
to  ten  times  the  thickness  of  the  slab  on  each  side  of  the  rib.  If  the 
beam  as  a  whole  is  safe  on  this  basis,  then  it  is  still  safer  for  any  addi- 
tional width  to  which  the  compression  may  extend. 

290.  Width  of  Rib.  Since  it  is  assumed  that  all  of  the  com- 
pression occurs  in  the  slab,  the  only  work  done  by  the  concrete  in  the 
rib  is  to  transfer  the  tension  in  the  steel  to  the  slab,  to  resist  the 
shearing  and  web  stresses,  and  to  keep  the  bars  in  their  proper 
place.  The  width  of  the  rib  is  somewhat  determined  by  the  amount 
of  reinforcing  steel  which  must  be  placed  in  the  rib,  and  whether  it 
is  desirable  to  use  two  or  more  rows  of  bars  instead  of  merely  one  row. 
As  indicated  in  Fig.  104,  the  amount  of  steel  required  in  the  base  of 
a  T-beam  is  frequently  so  great  that  two  rows  of  bars  are  necessary 
in  order  that  the  bars  may  have  a  sufficient  spacing  between  them  so 
that  the  concrete  will  not  split  apart  between  the  bars.  Although 
it  would  be  difficult  to  develop  any  rule  for  the  proper  spacing  between 
bars  without  making  assumptions  which  are  perhaps  doubtful,  the 
following  empirical  rule  is  frequently  adopted  by  designers:  The 
spacing  beitvecn  bars,  center  to  center,  should  be  two  and  Orquarter  times 
the  diameter  of  the  bars.  Fire  insurance  and  municipal  specifications 
usually  require  that  there  shall  l^  two  inches  clear  outside  of  the  steel 
This  means  that  the  beam  shall  l>e  four  inches  wider  than  the  net 
width  from  out  to  out  of  the  extreme  bars.  The  data  given  in  Table 
XVIII  will  therefore  be  found  very  convenient,  since,  when  it  is 
desirixl  to  use  a  certain  numlxT  of  bars  of  given  sfze,  a  glance  at  the 
table  will  show  immwiiately  whether  it  is  possible  to  space  them  in 
one  n)w;  and,  if  this  is  not  possible,  the  necessary  arrangement  can 
Ik*  very  readily  designed.  For  example,  assume  that  six  J-inch  bars 
are  to  Ix*  use<l  in  a  lx*am.  The  table  shows  immediately  that  the  re- 
(]uired  width  of  the  Ix^am  (following  the  rule)  will  be  14.72  inches; 
but  if,  for  any  reason,  a  l)eam  1 1  inches  wide  is  considered  preferable, 
the  table  shows  that  four  J-inch  bars  may  be  placed  side  by  side, 
leaving  two  l>ars  to  W  placed  in  an  upper  n>w.  Following  the  same 
rule  regarding  the  spacing  of  the  bars  in  vertical  rows,  the  distance 
fnmi  center  to  cvnter  of  the  two  rows  should  \ye  2.25  X  .875  =  1.97 
inches,  showing  that  the  rows  should  be,  say.  two  inches  apart  center 
to  cvnter.  It  should  also  W  nottnl  that  the  plane  of  the  center  of 
gravity  of  this  stt\*l  is  at  two-fifths  of  the  distance  between  the  bars 
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TABLE   XVIII 

Reciaired  Width  of  Beam,  Allowing  2}4  x  d,  for  Spacing   Center  to 

Center,  and  2  Inches  Clear  on  Each  Side 

Formula:    Width  =  (n-l)2.25rf  +  </  4-  4  =  2.25nd  -  l.25d  +  4 


No.  OF  Bahm 

5.62  In. 

|-I.\ 

Ms 

i-lN 

1-lN. 

7.25  In. 

U-lN 

.      2 

6.03  In. 

6.44  In. 

6.84  In. 

8.06  In. 

3 

0.75  •' 

7.44  " 

8.13  " 

8.81   " 

9.,50  " 

10.87  " 

4 

7.87  •' 

8.84  *' 

9.81   "' 

10.78  " 

11.75  *' 

13.68  *' 

5 

9.00  " 

10.25  " 

11.50  " 

12.75  " 

14.00  " 

16.50  " 

G 

10.12  " 

11.65  " 

13.19  " 

14.72  '*• 

16.25  " 

19.31    " 

7 

11.25  " 

13.06  " 

14.87  " 

16.68  " 

18.,50  " 

22.12  *• 

8 

12.37  " 

14.46  " 

16.56  *' 

18.65  " 

20.75  " 

24.91   " 

9 

13.50  " 

15.87  '* 

18.25  " 

20.62  '' 

23.00  " 

27.75  " 

10 

14.02  '* 

17.28  " 

19.94  " 

22.59  '* 

25.25  " 

30.56  " 

above  the  lower  row,  or  that  it  is  eight-tenths  of  an  inch  al)ove  the 
center  of  the  lower  row. 

291.  Numerical  Illustrations  of  T-Beams.  Example!.  Assume  th;it 
a  5-mch  slab  is  supporting  a  load  on  beams  spaced  8  feet  apart,  the  beams  hav- 
ing a  span  of  20  feet.  Assume  that  the  moment  of  the  beam  has  been  computed 
as  900,000  inch-pounds.  What  will  be  the  dimensions  of  the  beam  if  th(»  con- 
crete IS  not  to  have  a  compression  jijeater  than  500  pounds  p<'r  s(|uare  incli  and 
the  tension  of  the  steel  is  not  to  be  greater  than  16,000  pounds  jxt  s(piar* 
inch? 

Answer,  There  are  an  indefinite  number  of  solutions  to  this 
problem.  There  are  several  terms  in  Equation  35  which  are  mutually 
dependent;  it  is  therefore  impracticable  to  obtain  directly  the  depth 
of  the  beam  on  the  basis  of  assuming  the  other  quantities;  therefore 
it  IS  only  possible  to  assume  figures  which  experience  shows  will  give 
approximately  accurate  results,  and  then  test  these  figures  to  see 
whether  all  the  conditions  are  satisfied.  Within  limitations,  we  may 
assume  the  amount  of  steel  to  l)e  used,  and  determine  the  depth  of 
beam  which  will  satisfy  the  other  conditions  together  with  that  of  the 
assumed  area  of  steel.  For  example,  we  shall  assume  that  six  J-inch 
square  bars  having  an  area  of  4.59  square  inches  will  be  a  suitable 
reinforcement  for  this  beam.  We  shall  also  assume  as  a  trial  figure 
that  X  =  1.5.  Substituting  these  values  in  the  second  formula  of 
Equation  35,  we  may  write  the  second  formula : 

900,000  =  4.59  X  16,000  (<i- 1.5). 
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Solving  for  d,  we  find  that  d  =  13.75.  If  we  test  this  value  by 
means  of  Equation  36,  we  shall  find  that,  substituting  the  values  of 
t,  c,  r,  and  s  in  Equation  36,  the  resulting  value  of  d  equals  18.33. 
This  shows  that  if  we  make  the  depth  of  the  beam  only  13.75,  the 
neutral  axis  will  probably  be  within  the  slab,  and  the  pn)blem  comes 
under  Case  3,  to  which  we  must  apply  Ec{uation  29.  Dividing  the 
area  of  the  steel,  4.5(),  by  (6'  X  d),  we  have  the  value  of  p  e<{uals 
.00348.  Interpolating  with  this  value  of  p  in  Table  XV,  we  find  that 
whenr  =  12,  ifc  =  2.50;  kd  =  3.44;  x  =  1.15;  and  rf  -  ar  =  12.6. 
Substituting  these  values  in  f}quation  29,  we  find  that  the  moment 
900,000  =  2,082c,  or  that  c  =  432  pounds  per  square  inch.  This 
shows  that  the  unit-compression  of  the  concrete  is  safely  within 
the  required  figure.  Substituting  the  known  values  in  the  second 
part  of  Equation  29,  we  find  that  the  stress  in  the  steel  s  equals  about 
15,500  pounds  per  square  inch. 

Example  2.  Assume  that  a  floor  is  loaded  so  that  the  total 
weight  of  live  and  dead  load  is  200  pounds  per  square  foot;  assume 
that  the  T-beams  are  to  be  5  feet  apart,  and  that  the  slab  is  to  be  4 
inches  thick;  assume  that  the  span  of  the  T-beams  is  30  feet.  We 
therefore  have  an  area  of  150  square  feet  to  be  supported  by  each 
beam,  which  will  give  a  total  load  of  30,(X)0  pounds  on  each  beam. 
The  moment  at  the  center  of  such  a  beam  will  therefore  be  equal  to 
the  total  load,  multiplied  by  one-eighth  of  the  span  (expressed  in 
inches),  and  the  moment  is  therefore  1,350,000  inch-pounds.  As  a 
trial  value,  we  shall  assume  that  the  beam  is  to  be  reinforced  with 
six  J-inch  bars,  which  have  an  area  of  3.37  square  inches.  Substi- 
tuting this  value  of  the  area  in  the  second  part  of  Equation  35,  and 
assuming  that  s  =  10,000  pounds  per  s(|uare  inch,  we  find  as  an 
approximate  value  for  d  —  x,  that  it  will  e(]ual  25  inches.  This  is 
very  much  greater  than  the  value  of  d  that  would  be  found  from 
substituting  the  proper  values  in  Ecpiation  36,  so  that  we  know  at 
once  that  the  problem  must  bo  solved  by  the  methods  of  Case  1.  For 
a  4-inch  slab,  the  value  of  x  must  be  somewhere  between  1.33  and 
2.0.  As  a  trial  value,  we  may  call  it  1.5,  and  this  means  that  d  will 
ecjual  26.5.  Assuming  that  this  slab  is  to  be  made  of  concrete  using 
a  value  for  r  ^  12,  wo  know  all  the  values  in  E(juation  34,  and  may 
solve  for  kd,  which  we  find  to  etjual  5.54  inches.  As  a  check  on  the 
approximations  made  above,  we  may  substitute  this  value  of  kd,  and 


232 


MASONRY  AND  RErNFORCED  CONCRETE  221 


also  the  value  of  t  in  Equation  33^  and  obtain  a  more  precise  value 
of  X,  which  we  find  to  equal  1.02.  Substituting  the  value  of  the 
moment  and  the  other  known  quantities  in  the  upper  formula  of 
Equation  35,  we  may  solve  for  the  value  of  c,  and  obtain  the  value 
that  c  =  352  pounds  per  square  inch.  Tliis  value  for  c  is  so  very 
moderate  that  it  would  probably  be  economy  to  assume  a  lower 
value  for  the  area  of  the  steel,  and  increase  the  unit-compression  in 
the  concrete;  but  this  solution  will  not  be  here  worked  out. 

292.  Approximate  Formulae.  A  great  deal  of  T-beam  com- 
putation is  done  on  the  basis  that  the  center  of  pressure  of  the  con- 
crete is  at  the  middle  of  the  slab,  and  therefore  that  the  lever-arm  of 
the  steel  =  d  ^  \  t  From  these  assumptions  we  may  write  the 
approximate  formula: 

A/.  =  As{d-lt)     •  ■   .     (37) 

If  the  values  of  3/,  and  s  are  known  or  assumed,  we  may  assume  a 
reasonable  value  for  either  A  or  (d  —  i  0  ^"^'  calculate  the  corre- 
sponding value  of  the  other.  On  the  assumption  that  the  slab  takes 
all  the  compression,  the  distance  between  the  steel  and  the  center  of 
compression  of  the  concrete  varies  between  (d  —  \  t)  and  (d  —  .14/), 
which  is  the  approximate  value  when  the  beam  l^ecomes  so  small  that 
it  merges  into  the  slab.  The  smaller  value  {d  —  \  i)  is  the  absolute 
limit  which  is  never  reached.  Therefore  the  lever-arm  is  always 
larger  than  (d  —  J  t).  Therefore,  if  we  use  Equation  37  to  compute 
the  area  of  steel  A  for  a  definite  moment  J/,  and  unit  steel  tension  ,?, 
the  resulting  value  of  A  for  an  assumed  depth  rf,  or  the  resulting 
value  of  d  for  an  assumed  area  A,  will  be  larger  than  necessary.  In 
either  case  the  result  is  safe,  but  uneconomically  so. 

As  an  illustration,  using  the  values  in  Example  2,  Article  291,  of 
3/.  =  l,a50,000;  8  =  16,000;  {d  -  i  0  =  (20.5  -  2)  =  24.5,  the 
resulting  value  of  i4  =  3  44  square  inches,  which  is  larger  than  the 
more  precise  value  previously  computed. 

Equation  37  is  particularly  applicable  when  the  neutral  axis  is 
in  the  rib.  Under  this  condition,  the  average  pressure  on  the  concrete 
of  the  slab  is  always  greater  than  ^  c,  or  at  least  it  is  never  less  than  Jc. 
As  before  explained,  the  average  pressure  just  equals  ^c  when  the 
neutral  axis  is  at  the  bottom  of  the  slab.     We  may  therefore  say  that 


233 


->» 


>L\><>NRY  AND  REINFORCED  CONCRETE 


the  total  prvssun*  on  the  slab  is  always  greater  than  \  c  h  i.    We 
ihrTvfoTv  write  the  approximate  e<]uation : 

M,^\c}nKd-\t) (38) 

.\5  before,  the  values  obtained  from  this  equation  are  safe,  but  are 
unnecessarily  so.  Applying  them  to  Example  2,  Article  291,  by 
sul^tituting  J/,  =  1 ,35(),000,  6'  =  60,  /  =  4,  and  {d  -  \i)  =  24.5, 
we  compute  r  =  459.  But  we  know  that  this  approximate  value  of 
r  is  greater  than  the  true  value;  and  if  this  value  is  safe,  then  the  true 
value  is  certainly  safe.  Tlie  more  accunite  value  of  c,  computed 
in  Article  21M .  is  352.  If  the  value  of  c  in  Equation  38  is  assumed, 
ami  the  \'alue  of  d  is  computed,  the  result  is  a  depth  of  beam  un- 
necessarily great. 

If  the  lieam  is  so  shallow  that  we  may  know,  even  without  the 
test  of  Equation  3(>,  that  the  neutral  axis  is  certainly  ^i-ithin  the  slab, 
then  we  may  know  that  the  center  of  pressure  is  certainly  less  than 
J  /  fn>m  the  top  of  the  slab,  and  that  the  lever-arm  is  certainly  less 
than  ^d  —  J/>:  and  we  may  thert*fore  modify  Equation  37  to  read: 

M.  =  As{d-\t)    (39) 

Applying  this  to  Example  1  of  Article  291,  and  substituting 
M^  =  9(hV(KK),  ,v  -  10,(X)0,  {d  -  J  0  =  (13.75  -  1.G7)  =  12.as,  we 
find  that  A  -  4.(»5,  instead  of  the  4.59  previously  computed.  This 
ag:iin  illustrates  that  the  formula  gives  an  excessively  safe  value, 
although  in  this  case  the  difference  is  small. 

Equations  37  and  38  should  l)e  considered  as  a  pair  which  are 
applied  acci^nling  as  the  sttvl  or  the  concrete  is  the  determining 
featun\  ^^^len  the  pi^rct^ntagi*  of  steel  is  assumed  (as  is  usual),  both 
e(juations  should  be  ustxl  to  test  whether  the  unit-stresses  in  lx)th 
the  steel  and  the  concrt^te  are  safe.  It  is  impracticable  to  form  a 
simple  approximate  txjuation  corresponding  to  Equation  39,  which 
will  express  the  moment  as  a  function  of  the  compression  in  the  con- 
crete. Fortunately  it  is  unnecessiiry,  since,  when  the  neutral  axis 
is  within  the  slab,  there  is  always  an  abundance  of  compressive 
strength. 

20.'].  Shearing  Stresses  between  Beam  and  Slab.  Every  solu- 
tion for  T-l)eani  construction  should  1k»  tested  at  least  to  the  extent 
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of  knowing  that  there  is  no  danger  of  failure  on  account  of  the  shear 
between  the  beam  and  the  slab,  either  on  the  horizontal  plane  at  the 
lower  edge  of  Uie  slab,  or  in  the  two  vertical  planes  along  the  two 
aides  of  the  beam.  Let  us  consider  a  T4)eam  such  as  is  illustrated 
in  Fig.  106.  In  the  lower  part  of  the  figure  is  representetl  one-lialf  of 
the  length  of  the  flange,  which  is  considere<l  to  have  heeu  sepanite<i 
from  the  rib.    Following  the  usual  methcxl  of  considering  this  as  a 
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Pig.  106.    Analysis  of  Stresses  In  T-Rfam. 

free  body  in  space,  acted  on  by  external  forces  and  by  such  internal 
forces  as  are  necessary  to  produce  ec|uilibriuni,  we  find  that  it  is  actcnl 
on  at  theieft  end  by  the  abutment  redaction,  which  is  a  vertical  force, 
and  also  by  a  vertical  load  on  top.  We  may  consider  P*  to  represent 
the  summation  of  all  compressive  forces  acting  on  the  flanges  at  tiie 
center  of  the  I)eam.  In  onler  to  produce  ajuilibrium,  there  must  Ih» 
a  shearing  force  acting  on  the  under  .side  of  the  flange.  We  re[)res(Mit 
this  force  by  S,,.  Since  the.se  two  forces  are  the  only  horizontal  forces, 
or  forces  with  horizcmtal  components,  which  are  acting  on  this  free 
body  in  space,  P'  must  ecjual  *SY-  1-^*^  us  consider  z  to  represent  the 
shearing  force  per  unit  of  area.  We  know  from  the  laws  of  nu»- 
chanics,  that,  with  a  uniformly  distril)ut(Hl  loacl  on  the  l>eam,  the 
sliearing  force  is  maximum  at  the  ends  of  the  Immui,  and  diminishes 
uniformly  towanls  the  center,  where  it  is  zero.  Therefore  the  avcra(/e 
value  of  the  unit-shear  for  the  half-length  of  the  l)eam,  must  equal 
J  z.  As  before,  we  represent  the  width  of  the  rib  by  b.  For  conven- 
ience in  future  computations,  we  .shall  consider  L  to  represent  the  length 
of  the  beam,  measured  in  fret.  All  other  cliniensions  are  measured  in 
inches.  Therefore  the  total  .shearing  force  along  the  lower  side  of 
the  flange,  will  l)e: 


»Sh  -  .^  2  y  //  X  .7/.  V  IJ   -'M,:L (40) 
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Thert»  is  also  a  possibility  that  a  l)eain  may  fail  in  case  the  flange 
(or  the  slab)  is  too  thin ;  but  the  slab  is  always  reinforced  by  bars 
which  are  transverse  to  the  beam,  and  the  slab  will  be  placed  on  both 
sides  of  the  beam,  giving  two  shearing  surfaces. 

294.    Numericai  Illustration.    It  is  required  to  test  the  beam 
which  was  computed  in  Example  1  of  Article  291.     Here  the  total 
compressive  stress  in   the  flange  =  \  cbkd  =  i  X  432  X  96  X344 
=  71 ,332  pounds.     But  this  compressive  stress  measures  the  shearing 
stress  Sh  between  the  flange  and  the  rib.     This  beam  requires  six 
i-inch  bars  for  the  reinforcement.     We  shall  assume  that  the  rib  is 
to  l>e  1 1  inches  wide,  and  that  four  of  the  bars  are  placed  in  the  bottom 
row,  and  two  bars  about  2  inches  above  them.     The  effect  of  this 
will  be  to  deepen  the  beam  slightly,  since  d  measures  the  depth  of 
the  beam  to  the  center  of  the  reinforcement,  and,  as  already  computed 
numerically  in  Article  290,  the  center  of  gravity  of  this  combination 
will  be  y%  of  an  inch  above  the  center  of  gravity  of  the  lower  row  of 
bars.     Substituting  in  Ecjuation  40  the  values  S^  =  71,332,  6  =  11, 
and  L  =  20,  we  find,  for  the  unit-value  of  z,  108  pounds  per  square 
inch.    This  shows  that  the  assumed  dimensions  of  the  beam  are 
siitisfactory  in  this  respect,  since  the  tnie  shearing  stress  permissible 
in  concrete  is  higher  than  this. 

But  the  beam  must  1^  tested  also  for  its  ability  to  withstand 
shear  in  vertical  planes  along  the  sides  of  the  rib.  Since  the  slab  in 
this  case  is  5  inches  thick  and  we  can  count  on  both  surfaces  to  with- 
stand the  shear,  we  have  a  width  of  10  inches  to  withstand  the  shear, 
as  compared  with  the  11  inches  on  the  underside  of  the  slab.  The 
unit-shear  would  therefore  l)e  |  J,  of  the  unit-shear  on  the  under  side 
of  the  slab,  and  would  equal  119  pounds  per  square  inch.  Even  this 
would  not  be  unsafe,  but  the  danger  of  failure  in  this  respect  is  usually 
guarded  against  by  the  fact  that  the  slab  almost  invariably  contains 
bars  which  are  inserted  to  reinforce  the  slab,  and  which  have  such  an 
area  that  they  will  effectively  prevent  any  shearing  in  this  way. 

Testing  Example  2  similarly,  we  may  find  the  total  compression 
C  from  Equation  32,  and  that  it  equals  As  =  16,000  X  3.37  = 
54,000  pounds.  The  steel  reinforcement  is  six  J-inch  bars,  and  by 
Table  XVIII  we  find  that  if  plac*ed  side  by  side,  the  beam  must  be 
13.19  inches  in  vsidth,  or,  in  round  numbers,  13J  inches.  Substituting 
these  values  in  Equation  37,  we  find,  for  the  value  of  z,  45  pounds  per 
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square  inch.  Such  a  value  is  of  course  i>erfectly  safe.  Tlie  shear 
along  the  sides  of  the  beam  will  be  considerably  greater,  since  the 
slab  is  only  four  inches  thick,  and  twice  the  thickness  is  but  8  inches; 
therefore  the  maximum  unit-shear  along  the  sides  will  equal  45 
times  the  ratio  of  13.25  to  8,  or  75  pounds  per  square  inch.  Even 
this  woukl  l)e  perfectly  safe,  to  say  nothing  of  the  additional  shearing 
strength  affonled  by  the  slab  bars. 

295.  Shear  in  a  T-Beam.  The  shear  here  referred  to  is  the 
shear  of  the  beam  as  a  whole  on  any  vertical  section.  It  does  not 
refer  to  the  shearing  stresses  between  the  slab  and  the  rib. 

•  The  theoretical  computation  of  the  shear  of  a  T-beam  is  a 
very  complicated  problem.  Fortunately  it  is  unnecessary  to  attempt 
to  solve  it  exactly.  The  shearing  resistance  is  certainly  far  greater 
in  the  case  of  a  T-beam  than  in  the  case  of  a  plain  l)eam  of  the  same 
width  and  total  depth  and  loaded  with  the  same  total  load.  There- 
fore, if  the  shearing  strength  is  sufficient,  according  to  the  rule,  for 
a  plain  beam,  it  is  certainly  suflBcient  for  the  T-l>eam.  In  the  first 
example  of  Article  291,  the  total  load  on  the  l>eam  is  30,000  pounds. 
Therefore  the  maximum  shear  Fat  the  end  of  the  beam,  is  15,000 
pounds.  In  this  particular  case,  d  —  x  =  12.25.  For  this  beam,  rf  = 
13.75  inches,  and  />  =  11  inches.  Substituting  these  values  in  Ecjua- 
tion  31,  we  have: 

r  15.000        ,,,         ,  .    , 

^^^hld-i)  ^  11  X  12  25^  pounds  per  scjuare  inch. 

Although  this  is  probably  a  very  safe  stress  for  direct  shearing,  it  is 
more  than  double  the  allowable  direct  tension  due  to  the  diagonal 
stresses;  and  therefore  ample  reinforcement  must  be  provided.  If 
only  two  of  the  |-inch  bars  are  turned  at  an  angle  of  45°  at  the  end, 
these  two  bars  will  have  an  area  of  1 .54  square  inches,  and  will  have 
a  working  tensile  strength  (at  the  unit-stress  of  16,000  pounds)  of 
24,640  pounds.  This  is  more  than  the  total  vertical  shear  at  the 
ends  of  the  beam;  and  we  may  therefore  consider  that  the  beam  is 
protected  against  this  form  of  failure. 

296.  Numerical  Illustration  of  Slab,  Beam,  and  Girder  Con- 
struction. Assume  a  floor  construction  as  outlined  in  skeleton  form 
in  Fig.  107.  The  columns  are  spaced  16  feet  by  20  feet.  Girders 
which  support  the  alternate  rows  of  beams,  connect  the  columns  in 
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'the  16-foot  direction.  The  live  load  on  the  floor  is  150  pounds  per 
square  foot.  The  concrete  is  to  be  a  1:2:4  mixture,  .with  r  =  10, 
and  c  =  600.  Required  the  proper  dimensions  for  the  girders, 
l)eams,  and  slab. 

The  load  on  the  girders  may  be  computed  in  either  one  of  two 
ways,  l)oth  of  which  give  the  same  results.  We  must  consider  that 
each  beam  supports  an  area  of  8  feet  by  20  feet.  We  may  therefore 
consider  that  girder  d  supports  the  load  of  h  (on  a  floor  area  8  ft.  by 
20  ft.)  as  a  concentrated  load  in  the  center.     Or,  we  may  consider 

that,    ignoring    the    beams,   the 

X.         bimm    g  A  ^^^^^  supports  a  uniformly  dis- 


jLCom )l 


I  tributed  load  on  an  area  16  ft.  by 

•  20  ft .    The  moment  in  either  case 

is  the  same.  Assume  that  we  shall 

use  a  1   per  cent  reinforcement 

in  the  slab.     Then,  from  Table 

Cp  ^^;^/  9  ^ ^^^  with  r  =  10,  and  p  =  .01,  we 

find  that  k  =  .358;  then  a:  =  .119 

Fig.  107.    Skeleton  Outline  of  Floor-Panel.        ,         ^  ,  ^  or.*    »       a  •    i 

a,  or  (a  —  ar)  =  .881  a.  As  a  trial, 
we  estimate  that  a  r)-inch  slab  (or  d  =  4)  will  carry  the  load.  This 
will  weigh  60  pounds  per  square  foot,  and  make  a  total  live  and  dead 
load  of  210  pounds  per  square  foot.  A  strip  one  foot  wide  and  8  feet 
long  will  carrj'  a  total  load  of  1 ,680  pounds,  and  its  moment  will  l>e 
i  X  1,6S0  X  96  =  20,160  inch-pounds.  Using  the  first  half  "  of 
Kquation  29,  we  can  substitute  the  known  values,  and  sav  that: 

2(),\CA)^l  X  000  X  12  X  .358 r/  X  .S81  d 

-  1.13'mF 
(P=  17.70 
il  -     1.21 

In  this  case  the  span  of  the  slal)  is  considered  as  the  distance  from 
center  to  center  of  the  beams.  This  is  evidently  more  exact  than  to 
use  the  net  span  (which  ecjuals  eight  feet,  less  the  still  unknown  width 
of  l)eam),  since  the  true  span  is  the  distance  between  the  centers  of 
pressure  on  the  two  beams.  It  is  probable  that  the  true  span  (really 
indeterminable)  will  l)e  somewhat  less  than  8  feet,  which  would 
probably  justify  using  the  round  value  of  r/  ==  4  inches,  and  the  slab 
thickness  as  5  inches,  as  first  assumed.     The  area  of  the  steel  per 
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inch  of  ^idth  of  the  slab  =  p6d  =  .01  X  1  X  4.21  =  .0421  square 
inch.  Using  J-inch  round  bars  whose  area  equals  .1963  square  inch, 
the  reciuired  spacing  of  the  bars  will  be  .1963  -5-  .0421  =  4.66  inches. 
Practically  this  would  be  called  4f  inches. 

The  load  on  a  beam  is  that  on  an  area  of  8  feet  by  20  feet,  and 
equals  8  X  20  X  210  =  33,600  pounds  for  live  and  dead  load.  As  a 
rough  trial  value,  we  shall  assume  that  the  beam  will  be  12  inches 
wide  and  15  inches  deep  below  the  slab,  or  a  volume  of  1  X  1.25  X  20 
cubic  feet  =  25  cubic  feet,  which  will  weigh  3,750  pounds.  Adding 
this,  we  have  37,350  pounds  as  the  total  live  and  dead  load  carried 
by  each  beam.    The  load  is  uniformly  distributed;  and  the  moment: 

M  =lx  37,350  X  240  =  1,120,500  inch-pounds. 

We  shall  assume  that  the  beam  is  to  have  a  depth 'd  to  the  reinforce- 
ment, of  22  inches,  and  shall  utilize  Equation  39  to  obtain  an  approxi- 
mate value  for  the  area.  Substituting  the  knoA\'n  quantities  in 
£(|uation  39,  we  have: 

1,120,500  =  .4  X  16,000  X  (22-l.e>7) 
A  =  3.44  square  inches. 

For  T-l)eams  with  very  wide  slabs  and  great  depth  of  Ix^am,  the 
percentage  of  steel  is  always  very  small.  In  this  case,  p  ■■=  3.44  -r 
(90  X  22)  =  .00103.  Such  a  value  is  l>eyond  the  range  of  those 
given  in  Table  XV,  and  therefore  we  must  compute  the  value  of  Ic 
from  Equation  27;  and  we  find  that  k  =  .105;  kd  =  3.03,  which 
shows  that  the  neutral  axis  is  within  the  slab;  x  =  ^  kd  -=  \.2\,  and 
therefore  (d  —  or)  =  20.79.  Substituting  these  values  in  the  upper 
I)art  of  Equation  29  in  order  to  find  the  value  of  c,  we  find  that  c  =- 
309  |)ounds  per  square  inch.  Substituting  the  known  values  in  the 
second  half  of  Equation  29,  in  order  to  obtain  a  more  precise  value  of 
*,  we  find  that  s  =  15,737  pounds  per  square  inch. 

The  required  area  (3.44  square  inches)  of  the  bars  will  be  af- 
forded by  six  J-inch  round  bars  (0  X  f)0  =  3.00)  with  considerable  to 
spare.  From  Table  XVIII  we  find  that  six  J-inch  bars  (either  scjuare 
or  round),  if  placed  in  one  row,  would  recpiire  a  beam  14.72  inches 
wide.  This  is  undesirably  wide,  and  so  we  shall  use  four  bars  in  the 
lower  row,  and  two  above,  and  make  the  l)eam  11  inc^hes  wide.  I'his 
will  add  nearly  an  inch  to  the  depth,  and  the  total  depth  will  be 
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22  +  3,  or  25  inches.  The  concrete  below  the  slab  is  therefore  1 1 
inches  wide  by  20  inches  deep,  instead  of  12  inches  wide  by  15  inches 
deep,  as  assumed  when  computing  the  dead  load.  The  section  of 
220  square  inches  will  therefore  weigh  more  than  the  suggested 
section  of  180  square  inches;  but  the  difference  in  dead  load  weight 
is  so  small  that  it  is  unnecessary  to  alter  the  calculations,  especially 
since  the  unit-stresses  in  the  concrete  and  steel  are  both  lower  than 
the  working  limits.  It  should  also  be  noted  that  the  span  of  these 
beams  was  considered  as  20  feet,  which  is  the  distance  from  center  to 
center  of  the  columns  (or  of  the  girders).  This  is  certainly  more 
nearly  correct  than  to  use  the  net  span  between  the  columns  (or 
girders),  which  is  yet  unknown,  since  neither  the  columns  nor  the 
girders  are  yet  designed.  There  is  probably  some  margin  of  safety 
in  using  the  span  as  20  feet. 

The  load  on  one  beam  is  computed  above  as  37,350  pounds. 
The  load  on  the  girder  is  therefore  the  equivalent  of  this  load  con- 
centrated at  the  center,  or  of  double  the  load  (74,700  pounds)  uni- 
formly distributed.  Assuming  for  a  trial  value  that  the  girder  will 
be  12  inches  by  22  inches  below  the  slab,  its  weight  for  sixteen  feet 
will  be  4,392,  or  say  4,400  pounds.  This  gives  a  total  of  79,100 
pounds  as  the  e^iuivalent  total  live  and  dead  load  uniformly  dis- 
tributed over  the  girder.  Its  moment  in  the  center  therefore  ecjuuls 
I  X  79,1(K)  X  192  =  1,S9S,-4(X)  inch-pounds. 

The  width  of  the  slab  in  this  case  is  almost  indefinite,  being 
twentv  feet,  or  fortv-eij^ht  times  the  thickness  of  the  slab.  We  shall 
therefore  assume  that  the  (•<)nij)ressi()n  is  confined  to  a  width  of 
fifteen  times  tlio  slab  tiiiekness,  or  tiiat  //  =  75  inches.  Assume  for 
a  trial  value  that  d  -=  25  inches;  then  from  E(juation  39,  if  ,s  ^ 
l(i,(KM),  we  find  that  J  =  5.0S  scjuare  inches.  Then  p  =  .(X)27;  and, 
from  Ecjuation  27,  Ic  =  .207,  and  hd  =  .^.175.  This  shows  that  the 
neutral  axis  is  below  the  slab,  and  that  it  belongs  to  Case  1,  Article 
28G.  Checking  the  computation  of  kd  from  Equation  34,  we  com- 
pute kd  =  5. IS,  which  is  probably  the  more  correct  value  because 
computed  more  directly.  The  (liscre])ancy  is  due  to  the  dropping 
of  decimals  (lnriii<^  the  coinpntations.  From  Eipiation  33,  wv  com- 
pute that  .r  -  1.72;  then  (d  -  x)  --  2:).2S.  Substituting  the 
value  of  the  monicul  ami  of  (he  dimensions  in  the  upjxT  part  of 
E(juation  35,  we  compute  c  to  Ik'  420  jM)unds  jkt  square  inch.     Simi- 
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larly,  making  substitutions  in  the  lower  part  of  Equation  35,  using  the 
more  precise  value  of  (d  —  x)  for  the  lever-arra  of  the  steel,  we  find 
^  =  16,052  pounds  per  square  inch.    The  student  should  verify 
in  detail  all  these  computations. 

The  total  required  area  of  5.08  square  inches  may  l)e  divided 
into,  say,  8  round  bars  J  inch  in  diameter.  These  would  have  an  area 
of  4.81  square  inches.  The  discrepancy  is  about  five  \yeT  cent. 
These  l)ars,  placed  in  two  rows,  would  require  that  the  l)eam  should 
V)e  at  least  10.78  inches  wide.  We  shall  call  it  11  inches.  The  total 
depth  of  the  l>eam  vdW  be  three  inches  greater  than  d,  or  28  inches. 
This  means  23  inches  below  the  slab,  and  the  area  of  concrete  below 
the  slab  is  therefore  11  X  23  =  253  square  inches,  rather  than 
12  X  22  =  264  square  inches,  as  assumed  for  trial. 

Shear.  The  shearing  stresses  between  the  rib  and  slab  of  the 
girder  are  of  special  importance  in  this  case.  The  quantity  S^  of 
Article  293  equals  the  total  compression  in  the  concrete,  which  equals 
the  total  tension  in  the  steel,  which  equals,  in  this  case,  16,052  X  5.08 
=  81,544  pounds.  This  equals  3  bzl,  in  which  fc  =  11 ,  /  =  16  (feet), 
and  z  is  to  be  determined. 

2  =  81,544  ^  (3  X  11  X  KJ)  =  154  pounds  jx^r  square  inch. 

This  measures  the  maximum  shearing  stress  under  the  slab,  and  is 
almost  safe,  even  without  the  assistance  furnished  by  the  stirrups  and 
the  bars,  which  would  come  up  diagonally  through  the  ends  of  the 
beam  (where  this  maximum  shear  occurs)  nearly  to  the  top  of  the 
slab.  The  vertical  planes  on  each  side  of  the  rib  have  a  combined 
width  of  10  inches,  and  therefore  the  unit-stress  is  {J  X  154  =  160 
pounds  per  square  inch.  This  is  a  case  of  true  sheiir,  and  a  1:2:4 
concrete  should  stand  such  a  stress  with  a  large  factor  of  safety. 
But  there  are  still  other  shearing  stresses  in  these  vertical  planes. 
Considering  a  strip  of  the  slab,  say,  one  foot  wide,  which  is  reinforced 
by  slab  bars  that  are  parallel  to  the  girder,  the  elasticity  of  such  a 
strip  (if  disconnected  from  the  girder)  would  cause  it  to  sag  in  the 
center.  This  must  In*  prevented  by  the  shearing  strength  of  the  con- 
crete in  the  vertical  plane  along  each  edge  of  the  ginler  rib.  On 
account  of  the  combineil  shearing  stresses  along  these  planes,  it  is 
usual  to  s{>ecify  that  when  girders  are  parallel  with  the  slab  bars,  bars 
sliall  l)e  placed  across  the  girder  and  through  the  top  of  the  slab  for 
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the  .special  purpose  of  resisting  these  shearing  stresses.  .Some  of  the 
Htresses  are  indefinite,  and  therefore  no  precise  rules  can  be  computed 
for  the  amount  of  the  reinforcement.  But  since  (he  amount  required 
L<t  evitlently  very  small,  no  great  percentage  of  accuracy  is  important. 
A  recent  .specilication  on  this  point  required  |-inch  bars,  5  feet  long, 
spaced  12  inches  apart. 

'ITie  shear  of  the  girfler,  taken  as  a  whole,  should  Ije  compute<l 
as  for  simple  beams,  as  already  discu.ssed  in  .\rticte  295;  and  stirrups 
should  lie  used,  as  described  in  .\rticle  '2~\K 

Another  special  form  of  shear  must  be  considered  in  this  problem. 
Where  the  beams  enter  the  girders,  there  is  a  tendency  for  the  beams 
to  tear  their  wa^  out  through  the  girder  The  total  load  on  the 
girder  by  the  twfi  Ijeams  on  each  side,  is  of  course  equal  to  the  total 
lowl  on  one  iKram  and  e<[uaN  J7  3%  pounds  borne  of  the  rein- 
forcing bars  of  the  tieam  will  be  l>ent  up  diagonally  so  that  the}  enter 
C_ _„_ _„___  ,   jjig  girder  near  its 

_,     _^ ; .     *^'?    ,  ,  if.,„..if''''-i^^T'   top    and   therefore 

the  beam  could  not 
tear  out  n  ithout 
shearing  through 
the  girder  from  near 
itstoporforadeplh 
of  sa\  22  inches  (3 
inches  less  than  rf). 
We  tliercfore  have  2  X  22  X  1 1  =  484  square  inches,  the  area  to  Iw 
shi-iirciloiit.  Dividing  this  into -iT.'i.W  gives  77  pounds  per  square  inch. 
Allliongli  this  is  pr(ilial)ly  a  .safe  shearing  stress,  many  engineers  would 
con.sideriladvisable  toH.sesj)ccial  V-shape<l  stirrups  (see  a,  Fig.  lOS)  to 
strengthen  the  iM-ani  against  .such  stress.  If  the  angle  of  these  stirrups 
witli  the  vertical  is,  say,  45°,  then  the  .stress  in  the  bars  on  each  side  will 
Ik- .7(17  of  the  t(>tal]oad,a.s.siiiniiig  that  these  bars  were  to  take  aU,  the 
stre.ss.  'litis  would  mean  that  these  l)ars  would  have  a  stress  of  about 
26,4()(»  jxtunds,  and  at  H),0(K)  pounds  [wr  .square  inch  would  require  a 
total  area  of  l.fw  .squan'  Indies.  Three  J-inch  bars  would  therefore 
more  than  pmvide  the  uec-es.sarv  area,  even  iis,siuuing  that  these  stirrups 
t(K)k  the  entire  load,  and  disregarding  the  stirrups  such  as  would 
ordinarily  I>e  place<l  in  llie  Ix'atn,  and  al.so  disregarding  (he  shearing 
strength  of  the  concrete.     If,  therefore,  the.se  stirrups  are  made  of 


at  JuDctloD  nl  Beam 


MASONRY  AND  REINFORCED  CONCIIETK 


231 


{-inch  bars  instead  of  J^nch  bars,  the  shearing  stresses  in  the  con- 
crete due  to  the  beam  will  be  amply  provided  for.  A  complete  de- 
tailed drawing  will  show  all  of  the  bars  required  for  a  panel  between 
four  of  these  columns.  The  student  should  study  this  drawing  (see 
Fig.  109)  in  connection  with  the  foregoing  demonstrations  of  the 
dimensions  of  the  bars  and  of  the  concrete. 

FOOTINGS 
297.     Simple  Footings.    \Vhen  a  definite  load,  such  as  a  weight 
carried  by  a  column,  is  to  be  supported  on  a  subsoil  whose  bearing 
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Fig.  lOe.    Detail  ot  Floor-PaneL 


power  has  been  e.sfimatcd  at  some  definite  figure,  the  n-ijuired  areu 
of  the  footing  l)ecomes  a  perfectly  definite  quantity,  regardless  of  the 
method  of  construction  of  the  footing.  But  with  the  area  of  the 
footing  once  determined,  it  is  jKissiijIe  to  effect  considerable  economy 
in  the  construction  of  the  footing,  by  the  use  of  reinforced  concrete. 
An  ordinary  footing  of  masonry  is  usually  made  in  a  pyramidal  form, 
although  the  sides'will  be  stepped  off  instead  of  t>eing  made  .sloping. 
It  may  be  approximately  stated  that  the  depth  of  the  footing  below 
the  base  of  the  column,  when  ordinavy  masonry  is  used,  must  be 
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practically  e(|ual  to  the  width  of  the  footing.  The  oflFsets  in  the 
masonry  cannot  ordinarily  l^e  made  any  greater  than  the  heights  of 
the  various  steps.  Such  a  plan  requires  an  excessive  amount  of 
masonn'. 

A  fcK)ting  of  reinforced  concrete  consists  essentially  of  a  slab, 
which  is  [)laced  no  deeper  in  the  ground  than  is  necessarj-  to  obtain  a 
[)ro[x?r  pressure  fn>m  the  subsoil.  In  the  simplest  case,  the  c*olumn 
is  placed  in  the  middle  of  the  f(X)ting,  and  thus  acts  as  a  concentrated 
load  in  the  middle  of  the  plate  (Fig.  110).    The  mechanics  of  such  a 

problem  are  somewhat  simi- 
lar to  those  of  a  slab  sup- 
ported on  four  sides  and  car- 
rying a  concentrated  load  in 
the  center,  with  the  very  im- 
portant  exception,  that  the 
resistance,  instead  of  being 
applied  merely  at  the  edges 
of  the  slab,  is  uniformlv  dis- 
tributed  over  the  entire  sur- 
face. Since  the  column  has 
a  considerable  area,  and  the 
slab  merely  overlaps  the 
column  on  all  sides,  the  com- 
mon metluxl  is  to  consider 
the  overlapping  on  each  side 
to  1k^  an  inverted  cantilever 
carrvintja  uniformlv  (listril>- 
uttH^l  load,  which  is  in  this 
case  an  upward  pressure. 
The  niaximuni  moment  evidentlv  occurs  immediately  below  each 
vertical  face  of  the  column.  At  the  extreme  outer  edge  of  the  slab 
the  moment  is  evidentlv  zero,  and  the  thickness  of  the  slab  mav 
therefore  l>e  rwluccHl  considerably  at  the  outer  edge.  The  depth  of 
the  slab,  and  tlu*  amount  of  reinforcement,  which  is  of  course  placed 
near  the  bottom,  cin  be  ^IctcrinintMl  according  to  the  usual  rules  for 
obtaiuiiiira  nioincnt.     This  can  l>est  i)e  illnstrnted  jnnnericallv. 

Ejram]>lr.  Assume  that  a  load  of  2r)2,()()()  pounds  is  to  be  carried 
by  a  colunm,  on  a  soil  which  consists  of  hard,  firm  gravel.     Such  soil 
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vill  ordinarily  safely  carry  a  load  of  7,000  pounds  per  square  foot. 
Dn  this  basis,  the  area  of  the  footing  must  be  36  square  feet,  and 
;lierefore  a  footing  6  feet  square  will  answer  the  purpose.  A  concrete 
»lumn  24  inches  square  will  safely  carry  such  a  loading.  Placing 
aich  a  column  in  the  middle  of  a  footing  will  leave  an  offset  2  feet 
Dread  outside  each  face  of  the  column.  We  may  consider  a  section 
3f  the  footing  made  by  passing  a  vertical  plane  through  one  face  of  the 
column.  This  leaves  a  block  of  the  footing  6  feet  long  and  2  feet 
wide,  on  which  there  is  an  upward  pressure  of  12  X  7,000  =  84,000 
pounds.  The  center  of  pressure  is  12  inches  from  the  section,  and 
the  moment  is  therefore  12  X  84,000  =  1,008,000  inch-pounds. 
Multiplying  this  by  4,  we  have  4,032,000  inch-pounds  as  the  ultimate 
moment.  Applying  Equation  21,  we  place  this  equal  to  397  b(P,  in 
which  6  =  72  inches.  Solving  this  for  rf,  we  have  d  =  11.9  inches. 
A  total  thickness  of  15  inches  would  therefore  answer  the  purpose. 
The  amount  of  steel  required  per  inch  of  width  =  .0084  d  =  .(X)S4 
X  11.9  =  .100  square  inch  of  steel  per  inch  of  width.  Therefore 
J-inch  bars  spaced  5.0  inches  apart  \^ill  ser\'e  the  purpose.  A  similar 
reinforcing  of  l>ars  should  be  placed  perpendicularly  to  these  bars. 

The  above  ver}'  simple  solution  would  be  theoretically  accurate 
in  the  case  of  an  offset  2  feet  wide  for  the  footing  of  a  wall  of  indefinite 
length,  assuming  that  the  upward  pressure  was  7,0(X)  pounds  \)tr 
square  foot.  The  development  of  such  a  moment  uniformly  along 
the  section  of  our  square  footing,  implies  a  resistance  to  l)en(ling  near 
the  outer  edges  of  the  slab  which  will  not  actually  l>e  obtained.  The 
moment  will  certainly  lx»  greater  under  the  edges  of  the  column. 
On  the  other  hand,  we  have  used  bars  in  lx)th  directions.  The  bars 
passing  under  the  column  in  each  direction  are  just  such  as  are  re- 
quired to  withstand  the  moment  produced  by  the  pressure  on  that 
part  of  the  footing  directly  in  front  of  each  face  of  the  column.  It 
may  be  considered  that  the  other  bars  have  their  function  in  tying 
the  two  systems  into  one  plate  whose  several  parts  mutually  support 
one  another.  If  further  justification  of  such  a  method  is  needed,  it 
may  l)e  said  that  experience  has  shown  that  it  practically  fulfils  its 
puqx)se. 

A  more  effective  method  of  reinforcing  a  simple*  footing  is  shown 
in  Fig.  111.  Two  sets  of  the  reinforcing  bars  are  at  a-a  and  />-/^  and 
are  placed  only  under  the  column.     To  develop  the  strength  of  the 
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corners  of  the  footings,  bars  are  placed  diagonally  across  the  footing, 
as  at  c-c  and  d-d.  In  designing  this  footing,  the  projections  of  the 
footing  beyond  the  column  are  treated  as  free  cantilever  beams,  or 
by  the  method  discussed  above.  The  maximum  shear  occurs  near 
the  center;  and  therefore,  if  it  is  necessary  to  take  care  of  this  shear 
by  means  of  reinforcement,  it  should  be  provided  by  using  stirrups. 

Eiam^.  Assume  that  a  load  of  300,000  pounds  ii  to  be  carried  by  a 
column  28  inchps  gquare,  on  a' soil  that  will  safely  carry  a  load  of  6,000  pounds 
per  square  foot.  What  should  be  the  dimensions  of  the  footing  and  the  size 
and  spacing  of  the  reinforcing  burs?  The  bars  are  to  be  placed  diagonally  as 
nell  as  directly  across  the  footing,  as  illustrated  in  Fig.  111.  Also  investigate 
the  shear. 

Solution.    The  load  of  300,000  pounds  will  evidently  require  an 

area  of  50  square  feet.     The  sides 

of  thesquarefootingwillevidendy 

.  be  7.07  feet,  or,  say,  85  inches; 

end  the  offset  on  each  side  of  the 

28-incli   column   is   28.5   inches. 

The  area  of  each  cantilever  wing 

which  b  straight  out  from  the 

column  is  28.5  X  28  =  798  square 

inches  =  5.54  square  feet.     The 

load  is  therefore  5.54  X  6,000  = 

33,2.)0  pound.s.     Its  lever-arm  is 

one-half  of  28.5  inches,  or  14.25 

Fig.  III.  KeiQ(on«UL'utti>r  Fooling,        jnclies.    The  momcnt  IS  therefore 

473,812  inch-[K  HUH  is.     .\<l«ptinK  the  .strait;ht-line  formula  .1/,  =  806(/*, 

on  thf  basis  that  p  =  .(K),SO,we  may  write  the  equation: 
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~  3.-i9  Mquare  inches. 

This  area  of  metal  may  Ik-  furni.fhed  by  eight  j-inch  round  bars,  and 
therefore  there  should  lie  ei^^ht  ^-inch  round  l>ars  si>aced  about  3.5 
inches  apart  under  the  column  in  both  directions. 

The  mechanics  of   the  reinforcement   iif  the  corner  sections, 
which  are  each  28.5  inches  square,  is  exceedingly  complicated  io  its 
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precise  theory.  The  following  approximation  to  it  is  probably 
sufficiently  precise.  The  area  of  each  comer  section  is  the  square 
of  28.5  inches,  or  812.25  square  inches.  At  6,000  pounds  per  square 
foot,  the  pressure  on  such  a  section  will  be  33,844  pounds,  and  the 
center  of  gravity  of  this  section  is  of  course  at  the  center  of  the  square, 
which  is  14.25  X  1 .414  =  20.15  inches  from  the  comer  of  the  column. 
A  bar  immediately  under  this  diagonal  line  would  have  a  lever-arm  of 
20.15  inches.  A  bar  parallel  to  it  would  have  the  same  lever-arm 
from  the  middle  of  the  bar  to  the  point  were  it  passes  under  the 
column.  Therefore,  if  we  consider  that  this  entire  pressure  of 
33,844  pounds  has  an  average  lever-arm  of  20.15  inches,  we  have  a 
moment  of  681,957  inch-pounds.  Using,  as  before,  the  moment 
equation  M^  =  806(P,  we  may  transpose  this  ecjuation  to  read 
b  =  J/.  -^  80tP.    Then, 

-    nnRfi  V    681,957 
"  -^^^  ><  80  X  14.5 
=  5.06  square  inches. 

This  area  of  steel  will  be  furnished  by  five  1  J-ii^^'h  round  bars.  The 
diagonal  reinforcement  will  therefore  consist  of  five  IJ-inch  round 
bars  running  diagonally  in  both  directions.  These  bars  should  l>e 
spaced  about  4  inches  apart.  Those  that  are  precisely  under  the 
diagonal  lines  of  the  square  should  be  alx)ut  9  feet  8  inches  long; 
those  parallel  to  them  will  each  be  8  inches  shorter  than  the  next  bar. 
Shear.  The  total  load  of  this  column  is  300,000  pounds.  The 
shear  in  the  footing  is  of  course  a  maximum  immediately  under  the 
edges  of  the  column.  The  perimeter  of  the  column  is  four  times  28 
inches,  or  112  inches.  The  thickness  of  the  footing  is  something 
greater  than  the  value  found  above  for  d  (14.5  inches),  and  we  shall 
therefore  make  it,  say,  18  inches.  This  will  mean  that  the  surface 
area  which  would  need  to  be  punched  out  if  the  column  were  to  shear 
its  way  through  the  footing  would  be  18  X  112  inches,  or  2,016  square 
inches.  Since  the  area  of  the  column,  is  approximately  one-ninth 
of  the  area  of  the  footing,  the  shearing  force  is  about  eight-ninths  of 
the  total  load  on  a  column,  or  it  is  eight-ninths  of  3(X),000  pounds, 
which  is  266,667  pounds.  Dividing  this  by  2,016,  we  have  ahont 
130  pounds  per  square  inch  as  the  shearing  force  on  the  concrete  of 
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the  footing,  ignoring  the  assistanet*  fn)ni  the  20  bars  in  the  f(X)ting. 
There  is  therefore  no  occasion  to  provide  for  shear  in  such  a  footing. 
The  intensity  of  the  shear  decreases  from  the  maximum  value  just 
given,  to  zen)  at  the  edges  of  the  footing. 

20S.  Continuous  Beams.  Continuous  beams  are  sometimes 
usihI  to  save  the  ex{)ense  of  underpinning  an  adjacent  foundation  or 
wall.  These  footings  are  designed  as  simple  beams,  but  the  steel  is 
placed  in  the  top  of  the  beams. 

Example,  Assume  that  the  columns  on  one  side  of  a  building 
are  to  l)e  supported  by  a  continuous  footing;  that  the  columns  are 
22  inches  square,  spaced  12  feet  on  center;  and  that  they  support  a 
load  of  195,000  pounds  each.  If  the  soil  will  safely  support  6,000 
pounds  per  square  foot,  the  area  required  for  a  footing  will  be  195,000 
-r-  0,(KX)  =  32.5  square  feet.  Since  the  columns  are  spaced  12  feet 
apart,  the  width  of  footing  will  be  32.5  -^  12  =  2.71  feet,  or  2  feet 
9  inches.  To  find  the  depth  and  amount  of  reinforcement  necessary 
for  this* footing,  it  is  designed  as  a  simple  inverted  beam  supported 
at  both  ends  (the  columns),  and  loaded  with  an  upward  pressure  of 
6,000  jx>unds  per  s(|uare  foot  on  a  beam  2  feet  9  inches  wide.  In 
computing  the  moment  of  this  beam,  the  continuous-beam  principle 
may  be  utilized  on  all  except  the  end  spans,  and  thus  reduce  the 
moment  and  therefore  the  recjuired  dimensions  of  the  beam.  Many 
engineers  ignore  this  principle,  since  it  merely  increases  the  factor  of 
safetv  to  do  so. 

290.  Beam  Footing.  When  a  simple  footing  supports  a  single 
column,  the  center  of  pressure  of  the  column  must  pass  vertically 
through  the  center  of  gravity  of  the  footing,  or  there  will  be  dangerous 
transverse  stresses  in  the  column,  as  discussed  later.  But  it  is  some- 
times necessary  to  support  a  column  on  the  edge  of  a  property 
wh(»n  it  is  not  permissible  to  extend  the  foundations  l>eyond  the 
pro|)erty  line.  In  such  a  case,  a  simple  footing  is  impracticable.  The 
metluxl  of  such  a  solution  is  indicated  in  Fig.  112,  without  numerical 
computation.  The  nearest  interior  column  (or  even  a  column  on  the 
opj)Osite  side  of  the  building,  if  the  building  be  not  too  wide)  is 
selected,  and  a  combined  footing  is  constructed  under  both  colunms. 
The  weight  on  both  colunms  is  computed.  If  the  weights  are  equal, 
the  center  of  gravity  is  half-way  between  them;  if  unequal,  the  center 
of  gravity  is  on  the  line  joining  their  centers,  and  at  a  distance  from 
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them  siifh  tlmf  (see  Fig.  112J  x:ij::  }V^:n\.  In  this  <a.sc,  cvkleiitly 
Wjis  the  greater  weight.     The  area  abed  must  fulfil  two  conditions; 

11)  The  area  must  equal  the  total  loading  (W,  +  Wi),  divided  by  the 
allowiible  loading  per  square  foot;  anil. 

r>)     Thecenterof  gravity  must  be  located  at  O. 

An  analytical  solution  of  the  relative  and  absolute  values  of  a  h 
and  e  rf  which  will  fulfil  the  two  conditions,  is  very  difficuit,  and  for- 
tunately is  practically  unnecessary.  If  x  and  y  are  equal,  ah  cdis  a 
rectangle.  If  l\\  is  greater  than  2  IV^,  then  y  will  In*  less  than  \x; 
and  even  a  triangle  with  the  vertex  under  the  column  IT,  would  not 


Fig,  lis.    Combined  Fooling  (or  Two 


One  on  Edge  ol  Properly. 


fulfil  the  condition.  In  fact,  if  If,  is  very  small  compared  with  11'^,  it 
might  be  impracticable  to  obtain  an  area  sufficiently  large  to  sustain 
the  weight.  The  proper  area  can  I >e  determined  by  a  few  trials,  with 
sufficient  accuracy  for  the  purpose. 

The  footing  must  be  considered  as  an  inverted  beam  at  the 
section  mn,  where  the  moment  =  W^  —  i  W^y.  The  width  is 
mn;  and  the  required  depth  and  the  area  of  the  steel  must  be  com- 
puted by  the  usual  methods.  The  bars  will  here  be  in  the  top  of  the 
footing,  but  will  be  l>enl  down  to  the  bottom  under  the  columns,  as 
shown  in  Fig.  1 12.    The  cross-bars  imder  each  column  will  be  de- 
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signed,  as  In  the  case  of  the  simple  footing,  to  distribdite  the 
each  column  across  the  width  of  the  footing,  and  to  transfer  the 
to  the  longitudinal  bars. 

RETAINING  WALLS 

300.  Essential  Principles.  The  economy  of  a  retaining  wall  of 
reinforced  concrete  lies  in  the  fact  that  by  adopting  a  skeleton  form  of 
.construction  and  utilizing  the  tensional  and  transverse  strength  which 
may  l)e  obtained  from  reinforced  concrete,  a  wall  may  he  built,  of 
which  the  volume  of  concrete  is,  in  some  cases,  not  more  than  one- 
third  the  volume  of  a  retaining  wall  of  plain  concrete  which  would 
answer  the  same  purpose.  Although  the  cost  of  reinforced  concrete 
per  cubic  foot  will  be  somewhat  greater  than  that  of  plain  concrete, 
it  sometimes  happens  that  such  walls  can  be  constructed  for  one-half 
the  cost  of  plain  concrete  walls.  The  general  outline  of  a  reinforced- 
concrete  retaining  wall  is  similar  to  the  letter  L,  the  base  of  which  is  a 
base-plate  made  as  wide  as  (and  generally  a  little  wider  than)  the 
width  usually  considered  necessary  for  a  plain  concrete  wall.  As  a 
geneml  nile,  the  width  of  the  base  should  be  about  one-half  the 
height,  nie  face  of  the  wall  is  made  of  a  comparatively  thin  plate 
whose  thickness  is  governed  by  certain  principles,  as  explained  later. 
At  intervals  of  10  feet,  more  or  less,  the  base-plate  and  the  face  are 
connectt*d  by  buttresses.  These  buttresses  are  very  strongly  fastened 
by  tie-bars  to  lx)th  the  base-plate  and  the  face-plate.  The  stress  in 
the  buttresses  is  almost  exclusively  tension.  The  pressure  of  the 
earth  tends  to  force  the  face-plate  outwani;  and  therefore  the  face- 
phite  must  \)e  designed  on  the  basis  of  a  vertical  slab  .subjc»cted  to 
transverse  strc^sses  which  are  maximum  at  the  bottom  ami  which 
rcHhice  to  zero  at  the  top. 

If  the  wall  is  **surchargecr'  (which  means  that  the  earth  at  the 
top  of  the  wall  is  not  level,  but  runs  back  at  a  slope),  then  the  face- 
plate will  have  transverse  stresses  even  at  the  top.  The  base-plate 
is  held  down  by  the  pressure  of  the  superimposed  earth.  The 
buttresses  must  transmit  the  bursting  pressure  on  the  face  of  the  wall 
backward  and  downward  to  the  base-plate.  The  base-plate  must 
therefore  be  designwl  by  the  same  methcxl  as  a  horizontal  slab  carry- 
ing a  load  e(iual  and  opposite  to  the*  upward  pull  in  each  buttress. 
If  the  base-plate  extends  in  front  of  the  face  of  tlie  wall,  thus  forming 
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an  extended  toe,  as  is  frequently  done  with  considerable  economy 
and  advantage,  even  that  toe  must  be  designed  to  withstand  trans- 
verse bending  at  the  wall  line,  and  also  shearing  at  that  point.  The 
application  of  these  principles  can  best  be  understood  by  an  illus- 
tmtion. 

301.  Numerical  Example.  Assume  that  it  is  required  to  de- 
siprn  a  retaining  wall  to  withstand  an  ordinary  earthwork  pressure  of 
2()  feet,  the  earth  being  level  on  top.  We  are  at  once  confronted  with 
the  determination  of  the  actual  lateral  pressure  of  the  earthwork. 
Unfortunately,  this  is  an  exceedingly  uncertain  quantity,  depending 
upon  the  nature  of  the  soil,  upon  its  angle  of  repose,  and  particularly 
upon  its  condition  whether  wet  or  dry.  The  angle  of  repose  is  the 
largest  angle  with  the  horizontal  at  which  the  material  will  stand 
-vi-ithout  sliding  down.  A  moment's  consideration  will  show  that  this 
angle  depends  very  largely  on  the  condition  of  the  material,  whether 
"wet  or  drj- ,  etc.  On  this  account  any  great  refinement  in  these  calcu- 
lations is  utterly  useless. 

Assuming  that  the  back  face  of  the  wall  is  vertical,  or  practically 
.so;  that  the  upper  surface  of  the  earth  is  horizontal;  and  that  the 
angle  of  repose  of  the  material  is  30°,  the  total  pressure  of  the  wall 
equals  J  w  A',  in  which  h  is  the  total  height  of  the  wall,  and  w  is  the 
weight  per  unit-volume  of  the  earth.  If  the  angle  of  repose  is  steeper 
than  this,  the  pressure  will  be  less.*  If  the  angle  of  repose  is  less  than 
this,  the  fraction  ^  will  be  larger,  but  the  unit-weight  of  the  material 
will  proliobly  be  smaller.  Assuming  the  weight  at  the  somewhat  ex- 
cessive figure  of  96  pounds  per  cubic  foot,  we  can  then  siiy,  as  an 
ordinary  nile,  that  the  total  pressure  of  the  earth  on  a  vertical  strip 
of  the  wall  one  foot  wide  will  equal  10  A^,  in  which  h  is  the  height  of 
the  wall  in  feet.  The  average  pressure,  therefore,  eciuals  10  A;  and 
the  maximum  pressure  at  a  depth  of  A  feet  equals  32  A.  Applying 
this  figure  to  our  numerical  example,  we  have  a  total  pressure  on  a 
vertical  strip  one  foot  wide,  of  10  X  20-  =  0,400  pounds.  The  pres- 
sure at  a  depth  of  20  feet  =  32  X  20  =  040  pounds. 

It  is  usual  to  compute  the  thickness  and  reinforcement  of  a  strip 
one  foot  wide  running  horizontally  between  two  buttresses.  Prac- 
tically the  strip  at  the  bottom  is  very  strongly  reinforced  by  the  base- 
plate, which  runs  at  right  angles  to  it ;  but  if  we  design  a  strip  at  the 
bottom  of  the  wall  without  allowing  for  its  support  from  the  base- 
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plate,  and  then  design  all  the  strips  toward  the  top  of  the  wall  in  the 
same  proportion,  the  upper  strips  will  have  their  proper  design,  while 
the  lower  strip  merely  has  an  excess  of  strength.  We  shall  assume, 
in  this  case,  that  the  buttresses  are  spaced  lo  feet  center  to  center. 
Then  the  load  on  a  horizontal  strip  of  face-plate  12  inches  high,  lo 
feet  long,  and  19  feet  0  inches  from  the  top,  will  \ye  15  X  19.5  X  32, 
or  9,300  pounds.  Multiplying  this  by  4,  we  have  an  ultimate  load  of 
37,440  pounds.     The  span  in  inches  espials  180.     Then, 

,.         37.440  X  180        oio  Ann'      u  i 

Mf,  =  =  842.400  inch-pounds. 

8 

Placing  this  equal  to  397  6cP,  in  which  fc  =  12  inches,  we  find  that  cP 
=  176.8,  and  d  =  13.3  inches.  At  one-half  the  height  of  the  wall, 
the  moment  will  equal  one-half  of  the  al>ove,  and  the  required  thick- 
ness d  would  be  9.4  inches.  The  actual  thickness  at  the  bottom, 
including  that  required  outside  of  the  reinforcement,  would  there- 
fore make  the  thickness  of  the  wall  about  10  inches  at  the  bottom. 
At  one-half  the  height,  the  thickness  must  be  al)out  12  inches. 
Using  a  uniform  taper,  this  would  mean  a  thickness  of  8  inches  at 
the  top. 

The  reinforcement  at  the  bottom  would  equal  .0084  X  13.3  = 
.112  scjuare  inch  of  metal  per  inch  of  height.  Such  reinforcement 
could  be  obtained  by  using  }-inch  bars  spiiced  o  inches  apart.  The 
reinforcement  at  the  center  of  the  height  would  be  .0084  X  9.4  = 
.079  square  inch  jkt  inch  of  width.  This  could  be  obtained  by  using 
;[;-inch  bars  about  5  inches  apart,  or  by  using  ^-inch  bars  about  7  inches 
apart.  The  selection  and  spacing  of  bars  can  thus  be  made  for  the 
(Mitire  height,  ^^^^ile  there  is  no  method  of  making  a  definite  calcula- 
tion for  the  steel  require<l  in  a  vertical  direction,  it  may  l)e  advisable 
to  use  2-inch  bars  spaced  about  18  inches  apart. 

302.  Base-Plate.  We  shall  assume  that  the  base-plate  has  a 
width  of  one-half  the  height  of  the  wall,  or  is  10  feet  wide.  If  the 
inner  face  of  the  face-plate  is  2  feet  0  inches  from  the  toe.  the  width  of 
the  base-plate  sustaining  the  earth  pressure  is  7  feet  0  inches.  The 
actual  pressure  on  the  base-plate  is  that  due  to  the  total  weight  of  the 
earth.  The  upward  juill  on  the  l)uttresses  is  less  than  this,  and  is 
measure<l  by  the  moment  of  the  horizontal  pressure  tending  to  tip  the 
wall  over.  To  resist  this  overturning  tendency,  there  must  l)e  a  <lown- 
ward  pressure  on  the  plate  whose  moment  etjuals  the  moment  of  the 
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^uple  tending  to  turn  the  wall  over.  ITie  pressure  on  the  wall  on  a 
i^ertical  strip  one  foot  wide,  as  found  alx)ve,  is  6,400  pounds,  which  has 
a  lever-arm,  about  the  center  of  the  base  of  the  face-plate,  of  0  feet  S 
inches.  The  vertical  pressure  to  resist  this  will  be  applied  at  the 
center  of  the  7-foot  0-inch  base,  or  4  feet  5  inches  from  the  center 
of  the  facr-plate.     The  total  necessary  pressure  will  therefore  be 

0,t4JU  X  0.f>/  r\  /»-*>  1  ''IM  • 

,  or  v»,().).5  jK)un<is.      Ihis  means  an  avenige  pressure 
4.42 

of  1,287  [)ounds  per  stjuare  foot,  flaking  a  similar  calculation  for 
this  base-plate  to  that  previously  made  for  the  face-plate,  we  find 
that  the  thickness  d  =  19.1  inches.  This  shows  that  our  base-plate 
sliould  have  a  total  thickness  of  alx)ut  22  inches. 

The  amount  of  steel  per  inch  of  width  of  the  slab  equals  .(X)<S4 
X  10.1  =  .100  square  inch.  This  can  be  provided  by  J-inch  bars 
spaced  4}  inches  apart,  or  by  1-inch  bars  spaced  i\\  inches  apart. 
This  reinforcement  will  \ye  uniform  across  the  total  width  of  the  base- 
plate. 

303.  Buttresses.  The  total  pressure  on  a  vertical  strip  one  foot 
wle  is  6,400  pounds.  For  a  panel  of  15  feet,  this  ecjuals  96,0(X) 
pounds;  and  its  moment  alxnit  the  base  of  the  wall  equals  06,(XX)  X 
80  inches  =  7,680 ,0(X)  inch-pounds.  If  the  tie-bars  in  the  buttresses 
are  placed  about  3  inches  from  the  face  of  the  buttresses,  their  distance 
from  the  center  of  the  base  of  the  face-wall  will  be  about  S9  inches. 

Therefore  the  tension  in  the  bars  in  each  buttress  will  eciual    '  '    ' 

SO 
=  80,2^)2  pounds. 

Since  the  earth  pressures  considered  al)Ove  are  actual  {)ressurcs, 
we  must  here  consider  working  stresses  in  the  metal.  Allowin<( 
15,000  pounds*  tension  in  the  steel,  it  will  require  5.75  s(|uare  inches 
of  steel  for  the  tie-l)ar  of  each  buttress.  Six  1-inch  square  bars  will 
more  than  furnish  this  area.  Even  these  bars  need  not  all  Ix*  extended 
to  the  top  of  the  buttress,  since  the  tension  is  gradually  l>eing  trans- 
ferred to  the  face-plate. 

The  width  of  the  buttress  is  not  verv  definitely  fixed.  It  must 
have  enough  volume  to  contain  the  bars  properly,  without  crowding 
them.  In  this  case,  for  the  six  1-inch  bars,  we  shall  make  the  width 
12  inches.  At  the  base  of  the  buttresses,  these  bars  should  bv  l)ent 
around  bars  running  through  the  Imse-plate,  so  that  the  lower  part 
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of  the  buttress  will  be  very  thoroughly  anchored  into  the  base-plate. 
It  IS  also  necessary  to  tie  the  buttress  to  the  face-plate.  The  amount 
of  this  tension  is  definitely  calculated  for  each  foot  of  height,  from 
the  total  pressure  on  the  face-plate  in  each  panel  for  that  particular 
foot  of  height.  At  a  depth  of  19.5  feet,  we  found  a  bursting  pressure 
of  024  pounds  per  square  foot,  or  9,360  pounds  on  the  16-foot  panel. 
This  would  therefore  be  the  required  bond  between  the  buttress  and 
the  face-plate  at  a  depth  of  19.5  feet.  With  a  working  tension  of 
15,000  pounds  per  square  inch,  such  a  tension  would  be  furnished 
by  .624  square  inch  of  metal.  This  equals  .05  square  inch  of  metal 
for  each  inch  of  height,  and  l-inch  bars  spaced  5  inches  apart  will 
furnish  this  tension.  The  amount  of  this  tension  varies  from  the 
above,  to  zero  at  the  top  of  the  wall.  This  tension  is  usually  provided 
by  small  bars,  such  as  i-inch  bars,  which  are  bent  at  a  right  angle  so 
as  to  hook  over  the  horizontal  bars  in  the  face-plate  and  run  backward 
to  the  back  of  the  buttre^. 

In  the  design  described  above,  the  extension  of  the  toe  beyond  the 
face  of  the  wall  is  so  short  that  there  is  no  danger  that  the  toe  will  be 
broken  off  on  account  of  either  shearing  or  transverse  stress.  It  is 
usually  good  policy  to  place  some  transverse  bars  in  the  base-plate 
which  are  perpendicular  to  the  face  of  the  wall,  and  to  have  them 
extend  nearly  to  the  point  of  the  toe.  No  definite  calculation  can  be 
made  of  the  rec|uired  number  of  these  bars,  unless  they  are  required 
to  withstand  transverse  bending  of  the  toe. 

If  there  is  any  danger  that  the  subsoil  is  liable  to  settle,  and  thus 
produce  irregular  stresses  on  the  base-plate,  a  large  reinforcement  in 
this  direction  may  prove  necessary.  It  is  good  poUcy  to  place  at  least 
l-incli  bars  every  12  inches  through  the  base-plate,  for  the  prevention 
of  cracks;  and  this  amount  should  l)e  increased  as  the  uncertainty  in 
the  stress  in  the  hase-plate  increases.  Although  there  are  no  definite 
stresses  in  the  top  of-tlie  wall,  it  is  usual  to  make  the  thickness  of  the 
face-plate  at  least  6  inches  at  the  top,  and  also  to  place  a  finishing 
corni<*e  on  top  of  the  wall,  somewhat  as  is  shown  in  Fig.  1 13. 

When  the  subsoil  is  very  unreliable,  it  is  even  possible  that  there 
might  l)e  a  tendency  for  the  front  and  Imck  of  the  base-plate  to  sink, 
and  to  break  the  base-plate  by  tension  of  the  top.  This  can  \>e  re- 
sisted by  bars  in  the  upper  part  of  the  base-plate  which  are  perpen- 
dicular to  the  wall. 
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304.  L-Sluped  Retaining  Walls.  Retaining  walls  of  very 
moderate  height  may  be  constructed  in  L-shaped  sections  without 
buttresses,  by  thickening  the  walls  at  the  base,  and  by  using  suffi- 
cient reinforcement  to  resist  the  tnnsverse  stresses,  which,  of  course, 
have  their  maximum  value  at  the  base  of  the  wall  (Fig.  114).  From 
the  standpoint  of  cubic  yards  of  concrete  and  pounds  of  steel,  such  a 
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wall  is  not  as  economical  as  the  buttressed  wall,  but  the  forms  are  very 
much  more  simple  and  are  less  expensive.  A  low  wall  is  always  made 
much  thicker  than  mere  theoretical  computation  would  call  for,  and  in 
such  a  case  the  additional  thickening  for  the  L  design  might  be  little  or 
nothing.  For  high  walls — twenty  feet  or  more — the  economy 
utterly  disappears.  The  mechanics  of  this  form  of  wall  is  tjuite 
different  from  the  form  with  buttresses.  In  the  case  of  a  buttressed 
wall,  the  vertical  plate  between  the  buttresses  is  merely  designed  to 
resist  the  bursting  pressure  on  a  slab  which  has  the  buttresses  as 
abutments.  When  there  are  no  abutments,  the  pressure  an  each 
yniit  vertical  strip  of  the  wall  must  be  computed;  and  the  strength 
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at  every  section  (vertically)  must  be  computed  on  the  bias  o(  i 
ointilever  acted  on  by  horimintal  forces.  This  practically  means ik 
the  moment  increases  from  zero  at  the  top  of  the  wall  to  a  tnariimu 
at  the  l)ase  just  above  the  base-piate.  Of  course  the  meclunicii 
the  wall  taken  as  a  whole,  in  its  pressure  on  the  subsoil,  is  i(kn^ 
witli  lliut  of  the  other  form  of  retaining  wall. 

WIND  BRACING 
'.H)iy.  General  Principles.  The  practical  applications  of  t 
principles  of  reinforced  concrete  which  have  already  I»een  diacusst 
have  \teen  almost  exclusively  ik 
retjuired  forsustainingvertiatllou 
but  a  structure  consisting  sinply 
l>eams,  girders,  slabs,  and  colun 
may  fall  down,  like  a  house  of  car 
unless  it  is  provided  with  Utt 
bracing  to  withstand  wind  press 
and  any  lateral  forces  tending 
tiini  it  over.  The  necessary  pro 
ion  for  such  stresses  is  usually  m 
by  pkcing  brackets  in  the  an 
Iwtween  posts  and  girders,  as 
l>een  illustrated  in  Fig.  102.  11 
brackets  are  reinfon-ed  with  I 
which  will  resist  any  teitale  si 
iin  the  brackets.  The  compret 
strength  of  concrete  may  l>e  reiie 
to  resist  a  tendency  to  crush 
brackets  by  compression,  l*si 
■h  brackets  will  otrcur  in  [Hiii 
vath  end  of  a  Iwum  supjxtrted  on 
that  any  given  moment  is  to  l>e  div 
e<inally  between  two  brackets,  then,  if  we  are  to  have  a  wbrkiiig 
sion  of  l.'j,()l)()  jxjunds  jht  .s(|uare  inch  in  the  steel,  and  a  wor 
compression  of  TiOO  pHnids  jht  stpiare  inch  in  the  concrete,  the 
of  the  concrete  nuisl  1h'  'M\  limes  the  area  of  the  sti-el.  But  sintt 
imler  fac*'  of  tlic  cDncretc  will  liave  jinuticiilly  twice  the  (■^lmp^e^ 
of  the  coiurete  at  llie  angle  of  the  liean)  and  cuhunn,  and  since 
luaximum  of  iHM)  ikjuikIs  [H'I^  sciuare  inch  must  not  k-  e.\ceeded 
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'^Ust  have  twice  that  area  of  concrete;  or,  in  other  words,  the  area 
®'  the  concrete  from  the  point  of  the  angle  down  to  the  face  must  be 
"^  times  the  area  of  the  steel. 

Although  these  brackets  are  fretjuently  put  in  without  any  defi- 
'^te  design,  it  is  possible  to  make  some  sort  of  computation,  especially 
^Hen  a  building  is  directly  exposed  to  wind  pressure,  by  computing 
^*^e  moment  of  the  wind  pressure.     For  example,  if  a  building  is 
lOO  feet  long  and  50  feet  high,  and  is  subjected  to  a  wind  pressure  of 
30  pounds  per  square  foot,  the  total  wind  pressure  will  be  50  X  100 
X  30  =  150,000  [X)unds.     Considering   the  center  of  pressure  as 
applied  at  half  the  height,  this  would  give  a  moment  al)out  the  l)ase 
of  the  building,  of  150,000  X  25  =  3,750,000  foot-pounds  =  45,000,- 
000  inch-pounds.     If  this  100-foot  building  had  eight  lines  of  columns 
^th  a  pair  of  brackets  on  each  line,  and  was  four  stories  high,  there 
^vould  be  64  such  brackets  to  resist  wind  pressure.     Each  bracket 
^•ould  therefore  he  recjuired  to  resist  ^\  of  45,000,000  inch-|X)unds, 
or  about  700,000  inch-pounds.     We  shall  assume  that  the  bracket 
iwill  have  a  depth  of  25  inches,  from  the  intersection  of  the  c*enter  lines 
of  the  column  and  the  I)eam  to  the  steel  near  the  face  of  the  bracket. 
Then,  since  each  bracket  must  withstand  a  moment  of  7(X),(XX)  inch- 
pounds,  the  stress  in  the  steel  will  be  700,000  -^  25  =  28,000  pounds. 
If  the  actual  stress  in  the  steel  is  15,0(X)  pounds  jxjr  s<|uare  inch,  this 
^'ould  rwjuire  1.87  s(|uare  inches  of  steel,  which  would  1k»  more  than 
supplied  by  four  J  inch  s(|uare  Uirs.     If  thest*  brackets  were  12  inches 
wide  and  25  inches  deep,  the  area  of  concrete  is  300  sciuare  inches, 
which  is  KiO  times  the  area  of  the  steel.     There  is,  therefore,  an  ample 
amount  of  c*oncrete  to  withstand  compression,  on  the  ptirt  of  those 
brackets  which  are  subject  to  comj)ression  rather  than  tension.     It  is 
proliable  that  the  al)ove  calculation  is  excessive  on  the  sidt*  of  safety, 
sinc-e  it  is  (|uite  impmliable  that  such  a  broad  area  would  ever  l)e 
subject  to  a  pressurt*  of  30  pounds  j)er  square  f(H)t  over  the  whole  area. 
The  meth(xl  of  calculation  also  ignores  the  fact  that  the  monolithic 
character  of  a  reinforced-concrete  stnicture  furnishes  a  verv  consider- 
able  resistance  at  the  junction  of  columns  and  girders,  and  that  they 
should  not  by  any  means  Ik*  (Hinsidered  as  if  they  wert»  pin -con  ntx*  ted 
stnictures,  which  would  rtMjuire  that  the  whole  of  the  lateral  stiffen- 
ing should  Ik?  suppliwl  by  these  brackets.  Nevertheless  these  brackets 
must  Ix*  design<»d  according  to  some  such  method. 
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VERTICAL  WALLS 

306.  Curtain  Walls.  Vertical  walls  which  are  not  intended  to 
carry  any  weight,  are  sometimes  made  of  reinforced  concrete.  They 
are  then  called  curtain  walls,  and  are  designed  merely  to  fill  in  the 
panels  l)etween  the  posts  and  girders  which  form  the  skeleton  frame  of 
the  building.  ^Vhen  these  w^alls  are  interior  walls,  there  is  no  definite 
stress  which  can  be  assigned  to  them,  except  by  making  assumptions 
that  may  be  more  or  less  unwarranted.  When  such  walls  are  used 
for  exterior  walls  of  buildings,  they  must  be  designed  to  withstand 
wind  pressure.  This  wind  pressure  will  usually  be  exerted  as  a 
pressure  from  the  outside  tending  to  force  the  wall  inward;  but  if 
the  wind  is  in  the  contrarj^  direction,  it  may  cause  a  lower  atmospheric 
pressure  on  the  outside,  while  the  higher  pressure  of  the  air  within 
the  building  will  tend  to  force  the  wall  outward.  It  is  improbable, 
however,  that  such  a  pressure  would  ever  be  as  great  as  that  tending 
to  force  the  wall  inward.  Such  walls  may  be  designed  as  slabs 
carrying  a  uniformly  distributed  load,  and  supported  on  all  four  sides. 
If  the  panels  are  approximately  square,  they  should  have  bars  in  both 
directions,  and  should  l)e  designed  by  the  same  method  as  '*slabs 
reinforc*ed  in  lK)th  directions/*  as  has  previously  l)een  explained. 
If  the  vertical  jx)sts  are  much  closer  together  than  the  height  of  the 
fl(K)r,  as  sometimes  occurs,  the  principal  reinforcing  l)ars  should  lx» 
horizontal,  and  the  walls  should  l>e  designed  as  slabs  having  a  spjaii 
vi\\u\\  to  the  distance  l)etween  the  pasts.  Some  small  bars  spaceil 
alK)ut  2  ftH*t  apiirt  should  l>e  placed  vertically  to  prevent  shrinkage. 
The  pressure  of  the  wind  cx)rres ponding  to  the  loading  of  the  slab, 
is  usually  considereil  to  l)e  ^30  pounds  per  sc|uare  foot,  although  the 
actual  wind  pressun*  will  very  largely  depend  on  local  conditions, 
such  as  the  pn>tei»tion  which  the  building  receives  from  surrounding 
buildings.  A  pressure  of  thirty  [xninds  per  scjuare  foot  is  usually 
sutlicient;  and  a  slab  designetl  on  thLs  lia^is  ^^ill  usually  be  so  thin, 
jHThajKs  only  4  inches,  that  it  is  m)t  desirable  to  make  it  any  thinner. 
SiiUY  dt*signing  sui*h  walls  is  such  an  obvious  application  of  the 
iHjuatious  and  pn>blems  aln^ady  si>lveil  in  detail,  no  numerical  illu5- 
tnitioH  will  here  W  given. 
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CULVERTS 

307.  Box  Culverts.  The  permanency  of  concrete,  and  par- 
ticularly reinforced  concrete,  has  caused  its  adoption  in  the  construc- 
tion of  culverts  of  all  dimensions,  from  a  cross-sectional  area  of  a  verv 
few  sc|uare  feet,  to  that  of  an  arch  which  might  be  more  properly 
classified  under  the  more  common  name  masonry  arch.  The  smaller 
sizes  can  be  constructed  more  easily,  and  with  less  expense  for  the 
forms,  by  giving  them  a  rectangular  cross-section.  The  question  of 
foundations  is  solved  most  easily  by  making  a  concrete  bottom,  as 
well  as  side  walls  and  top.  The  structure  then  becomes  literally  a 
box.  Its  design  consists  in  the  determination  of  the  external  pressure 
exerted  by  the  earth,  and  of  the  required  thickness  of  the  concrete  to 
withstand  the  pressure  on  the  flat  sides  considered  as  slabs.  The 
most  uncertain  part  of  the  computation  lies  in  the  determination  of 
the  actual  pressure  of  the  earth.  Under  the  heading  "Retaining 
Walls,"  this  uncertainty  was  discussed. 

One  very  simple  method  is  to  assume  that  the  earth  pressure  is 
equivalent  to  that  of  a  liquid  having  a  unit-weight  equal  to  that 
of  the  weight  of  a  cubic  foot  of  the  earth,  which  is  nearly  100  pounds. 
Under  almost  any  circumstances,  these  figures  would  be  sufficiently 
large,  and  perhaps  very  excessive.  Calculations  on  such  a  basis  are 
therefore  certainly  safe.  If  the  pressure  is  computed  on  this  basis, 
and  a  factor  of  safety  of  2  is  used,  it  is  equivalent  to  an  actual  pressure 
of  only  one-half  the  amount  (which  is  more  probable),  having  a  factor 
of  4.  If  the  depth  of  the  earth  is  quite  large  compared  with  the 
dimensions  of  the  culvert,  we  may  consider  that  the  upward  pressure 
on  the  bottom,  as  well  as  the  lateral  pressure  on  the  sides,  is  prac- 
tically the  same  as  the  downward  pressure  on  the  top.  If  the  bottom 
of  the  culvert  is  laid  on  rock,  or  on  soil  which  is  practically  unyielding, 
there  will  be  no  necessity  of  considering  that  there  is  any  upward 
pressure  on  the  Iwttom  slab  tending  to  burst  that  slab  upward.  The 
softer  the  soil,  the  greater  will  be  the  tendency  to  transverse  lx?nding 
in  the  bottom  slab. 

Since  the  design  of  rectangular  lx)x  culverts  is  purely  an  applica- 
tion of  the  e(|uations  for  transverse  l)ending,  after  the  external  pres- 
sures have  been  determined,  no  numerical  example  will  here  l>e  given. 
These  structures  are  not  only  reinforced  with  bars,  considering  the 
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•adt^  a?  slabs,  but  should  ako  have  hers  placed  across  the  iwwts, 
viiH^i  «ill  inihsiaod  a  lendenc}'  of  the  section  to  collapse  in  a* 
the  pres>ure  on  oppoaie  iades  is  unequal.  They  must  also  be  reio- 
fim^d  viih  har^  ruonin^  longitudinallr  i(-ith  the  culvert.  As  in  the 
KihrT  ckses  of  longitudinal  reinfurcemml,  no  definite  design  («n  be 
iiUidr  t"T  i^  amount.  A  t_\'pical  cros.-^-section  for  such  a  culvert  b 
^•«-ii  in  Fig.  1  ]■'>.  Ilie  longitudinal  bars  are  indicated  in  this  figure. 
Tbe_v  an-  ui«tj  to  prevent  cracks  owing  to  e.xpansion  or  contraction, 
aixl  al-4>  u>  rt^st  any  tendency  to  rupture  which  might  lie  caused  by 
a  ^-itliiu;  or  wa>hiag-oui  of  the  subsoil  for  any  considerable  distance 
UDdt-r  ihf  length  of  the  culvert. 
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lais.  Arch  Culvurts.  The  geneml  subject  of  aR-hes,  and 
(■.-;[ Kiially  ihc  applinitiun  nf  miifowed  cimcrete  to  arch  construction, 
arc  taken  up  in  Part  V,  auil  then*fore  will  not  Ik;  further  discussetl 
iierc. 

COLLI  MNS 

'.'AV.t.  Methods  of  Reinforcement.  The  taws  of  me<-liiuiic.s,  &s 
will  as  i'\|>friinrtilal  testiug  im  full-sizi-d  colunms  of  various  stnictund 
inalcrials,  show  that  very  short  colunuis,  or  even  tliiwi'  wIkjsc  length 
is  ten  tiuu's  (heir  smallest  diameter,  will  fail  by  crushing  or  sliearing 
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of  the  material.  If  the  columns  are  very  long,  say  twenty  or  more 
times  their  smallest  diameter,  they  will  probably  fail  by  bending, 
ivhich  will  produce  an  actual  tension  on  the  convex  side  of  the  column. 
The  line  of  division  between  long  and  short  columns  is  practically 
Tery  uncertain,  owing  to  the  fact  that  the  center  line  of  pressure  of  a 
column  is  frequently  more  or  less  eccentric  because  of  irregularity 
of  the  bearing  surface  at  top  or  bottom.  Such  an  eccentric  action 
will  cause  buckling  of  the  column,  even  when  its  length  is  not  very 
great.  On  this  account,  it  is  always  wise  (especially  for  long  columns) 
to  place  reinforcing  bars  within  the  column.  The  reinforcing  bars 
consist  of  longitudinal  bars  (usually  four,  and  sometimes  more  with 
the  larger  columns),  and  bands  of  small  bars  spaced  from  (>  to  18 
inches  apart  vertically,  which  bind  together  the  longitudinal  bars. 
The  longitudinal  bars  are  used  for  the  purpose  of  providing  the 
necessarj'  transverse  strength  to  prevent  buckling  of  the  column. 
As  it  is  practically  impossible  to  develop  a  siitisfactory  theory  on 
which  to  compute  the  required  tensional  strength  in  the  convex  side 
of  a  column  of  given  length,  without  making  assumptions  which  are 
themselves  of  doubtful  accuracv,  no  exact  rules  for  the  sizes  of  the 
longitudinal  bars  in  a  column  will  be  given.  The  bars  onlinarily 
used  vary  from  h  inch  stjuare  to  1  inch  scjuare;  and  the  number  is 
usually  four,  unless  the  column  is  very  large  (4(K)  scjuare  inches  or 
larger)  or  is  rectangular  rather  than  scjuare.  It  has  been  claimed  by 
many,  that  longitudinal  bars  in  a  column  may  actually  be  a  source  of 
danger,  since  the  buckling  of  the  bars  outward  may  tend  to  disinte- 
grate the  column.  This  buckling  can  l)e  avoided,  and  the  bars  made 
mutually  self-supporting,  by  means  of  the  bands  which  are  placed 
around  the  column.  These  bands  are  usually  }-inch  or  ij-inch  round 
or  sc|uare  l)ars.  The  specifications  of  the  Prussian  Public  Works 
for  1904  recjuire  that  these  horizontal  bars  shall  l>e  spaceil  a  distance 
not  more  than  30  times  their  diameter,  which  would  be  7\  inches  for 
J-inch  Imrs,  and  l\\  inches  for  J-inch  bars.  The  bands  in  the  column 
are  likewise  useful  to  resist  the  bursting  tendency  of  the  column, 
especially  when  it  is  short.  Tliey  will  also  reinforce  the  column 
against  the  tendency  to  shear,  which  is  the  metluKl  by  which  failure 
usually  takes  place.  The  angle  l)etween  this  plaiu*  of  rupture  and  a 
plane  perpendicular  to  the  line  of  stress,  is  stated  to  hv  ('>()°.  If, 
therefore,  the  bands  are  placed  at  a  distance  apart  ecjual  to  the 
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smallest  diameter  of  the  column,  any  probable  plane  of  rupture  will 
intersect  one  of  the  bands,  even  if  the  angle  of  rupture  is  somewhat 
smaller  than  60°. 

The  unit  working  pressure  permissible  in  concrete  columns  is 
usually  computed  at  from  350  to  500  pounds  per  square  inch.  The 
ultimate  compression  for  transverse  stresses  for  1:3:5  concrete  has 
been  taken  at  2,000  pounds  per  square  inch.  With  a  factor  of  4,  this 
gives  a  working  pressure  of  500  pounds  per  square  inch;  but  the 
ultimate  stress  in  a  column  of  plain  concrete  is  generally  less  than 
2,000  pounds  per  square  inch.  Tests  of  a  large  number  of  12  by  12- 
inch  plain  concrete  columns  showed  an  ultimate  compressive  strength 
of  approximately  1,000  pounds  per  square  inch;  but  such  columns 
generally  begin  to  fail  by  the  development  of  longitudinal  cracks. 
These  would  be  largely  prevented  by  the  use  of  lateral  reinforcement 
or  bands.  Therefore  the  use  of  500  pounds  per  square  inch  as  a 
working  stress  for  columns  which  are  properly  reinforced,  may  be 
considered  justifiable  although  not  conservative. 

310.  Design  of  Columns.  It  may  be  demonstrated  by  theoreti- 
cal mechanics,  that  if  a  load  is  jointly  supported  by  two  kinds  of 
material  with  dissimilar  elasticities,  the  proportion  of  the  loading 
borne  by  each  will  be  in  a  ratio  dejjending  on  their  relative  areas  and 
moduli  of  elasticity.  The  formula  for  this  may  l)e  developed  as 
follows : 

C  =  Total   unit-compression   upon   concrete  and   sl<?el   in   pounds   per 
s(iu:ire  inch   ^  Total  load  divided  by  the  combined  area  of  the  con- 
crete and  the  steel; 
r  =  Unit-compression  in  the  concrete,  in  ()ounds  per  s<juare  inch; 
A'  --  I'nit-compression  in  the  steel,  in  pounds  per  square  inch; 
p  =  Ratio  of  area  of  steel  to  total  area  of  column; 

r  =  ,V  =  Ratio  of  the  moduli  of  elasticity; 

€s  ^  Deformation  per  unit  of  length  in  the  steel; 

c    =  Deformation  {)er  unit  of  length  in  the  concrete; 

/Ig  =  Area  of  steel; 

Ac  =  Area  of  concrete. 

The  total  compressive  force  in  the  concrete  =  A^X  c\  and  that 
in  the  steel  =  /I,  X  >'. 

The  sum  of  these  compressions  =  the  total  compression;  and 

therefore, 

C  (.  /Ic  4-  A^  )  ^  AqC  ■\-  Ai  a. 
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The  actual  linear  compression  of  the  concrete  equals  that*of  the 
steel;  therefore, 

F 
From  this  i^fjuation,  since  r  =  ^- ,  we  may  write  the  <*f|uation  rc=s. 

Solving  the  alx)ve  ec|uation  for  C,  we  obtain : 

^         Ac  f-    V   At  8 

ATT'At  ' 
Substituting  the  value  of  .V  =  re,  we  have: 

^         /  Ae  +  A,  rv  /At  -^  Ac  —  At  -h  At  fv 

If  p  =  the  ratio  of  cross-section  of  steel  to  the  fofal  cross-s<*ction  of 

the  column,  we  have: 

At 


P  = 


Ac  +  At 


A 
Substituting  this  value  of  —     —  ~  in  the  above  ef|nation,  we  may 

.  A^  ~^  A^ 

write: 

C  =  c(\-p  +  pr). 
Solving  this  ec|uation  for  p,  we  obtain : 

P  =  -^  (41) 

c(r-l) 

Example  1.  A  column  is  designed  to  carry  a  load  of  100,000  poiindR. 
If  tho  column  is  made  18  inches  square,  and  the  load  |K^r  Hc^uan;  inch  to  be 
wirried  by  the  concrete  is  limited  to  400  pounds,  what  must  be  the  ratio  of  th(» 
steel,  and  how  much  steel  would  be  required? 

Ansn^er.  A  column  IS  inches  square  has  an  area  of  324  s(|nare 
inches.  Dividing  lOOjCXX)  by  324,  we  have  494  pMmds  per  s(|uarc 
inch  as  the  total  unit-compression  upon  the  concrete  and  the  stc(»l, 
which  is  C  in  the  above  formula.  Assume  that  the  concrete  is  1 :3:r) 
concrete,  and  that  the  ratio  of  the  mcxluli  of  elasticity  (r)  is  therefore 
12.     Substituting  these  values  in  Equation  41,  we  have: 

494-400    ^ 
'        400(12-1)      •"^'^• 

Multiplying  this  ratio  by  the  total  area  of  the  column,  324  scjuare 
inches,  we  have  6.93  scjuare  inches  of  steel  required  in  the  colunm. 
This  would  very  nearly  be  provided  by  four  bars  l\  inches  scjuare. 
Four  round  bars  H  inches  in  diameter  would  give  an  excess  in  area. 
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Either  solution  would  \ye  amply  safe  under  the  circumstances,  pro- 
vided the  column  was  properly  reinforced  with  hands. 

Example  2.  A  column  16  inches  square  is  subjected  to  a  load  of  115,000 
|M)iin(ls,  ami  is  nMiiforcocl  by  four  ^-inch  square  barslxHsides  the  bands.  What 
is  tho  actual  compressive  stress  in  the  concrete  pc»r  square  inch? 

An^t^wrr.  Dividing  the  total  stress  (115.000)  by  the  area  (256), 
we  have  the  combined  unit-stress  C  =  449  pounds  per  square  indi. 
By  inverting  one  of  the  ecjuations  above,  we  can  i^Tite: 

C 

i   -  p  ^  r  p' 

In  the  al>ove  case,  the  four  i-inch  bars  have  an  area  of  3.00  saware 
inclies;  and  tlierefore, 

/'  =    ^JryC,^  .012;r=  12. 
Substituting  tliese  values  in  the  al)ove  equation,  we  may  write: 

4 IM  449 

'        1        .()1L>  ^  (.012  X  12)  ^   1  .132  ^  ^^'^  pounds  per  square  inch. 

The  net  area  of  the  concrete  in  the  above  problem  is  252.94  square 
inches.     Multiplying  this  by  397,  we  have  the  total  load  carried  by 
the   concrete,    which    is    1(X),117    pounds.     Subtracting    this  fro© 
lir),(KM)  jMHinds,  the  total  load,  we  have  14,S83  pounds  as  the  com- 
pressive stress  carried  by  the  steel.     Dividing  this  by  3.06,  the  area 
of  the  steel,  we  have  4,S('>4  pounds  as  the  unit  compressive  stress  in  the 
st(*el.     This  is  practically  twelve  times  the  unit-compression  in  the 
concrete,  which  is  an  illustration  of  the  fact  that  if  the  compression 
is  shanul  bv  the  two  materials  in  the  ratio  of  their  moduli  of  elasticity, 
tli(»  unit-stres.ses  in  the  materials  will  be  in  the  same  ratio.     This  unit- 
stress  in  the  steel  is  about  onc*-third  of  the  working  stress  which  may 
projHTly  be  placed  on  the  steel.     1 1  shows  that  we  cannot  economically 
ust»  the  steel  in  order  to  rwluce  the  area  of  the  concrete,  and  that 
the  chief  object  in  using  stt*el  in  the  columns  is  in  order  to  protect 
the  columns  against  buckling,  and  also  to  increase  their  strength  by 
the  use  of  bands. 

It  sometimes  hapjHMis  that  in  a  buikling  designed  to  be  struc- 
turallv  of  HMiiforccMl  coiurete,  the  column  loads  in  the  columns  of  the 
lower  story  may  be  .so  very  great  that  concrete  columns  of  sufficient 
size  would  take  up  more  space  than  it  is  desirable  to  spare  for  such 
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a  purpose.  For  example,  it  might  be  required  to  support  a  load  of 
320,000  pounds  on  a  column  IS  inches  square.  If  the  concrete 
n:3:5)  is  limited  to  a  compressive  stress  of  400  pounds  per  square 
inch,  we  may  solve  for  the  area  of  steel  refjuired,  precisely  as  was  done 
in  example!.  We  should  find  that  the  recjuirwl  {>ercenta^e  of  steel 
was  13.4  per  cent,  and  that  the  recjuired  area  of  the  steel  was  therefore 
43.3  sf|uare  inches.  But  such  an  area  of  steel  could  carry  the  entire 
load  of  320,(KX)  pounds  without  the  aid  of  the  concrete,  and  would 
have  a  compressive  unit-stress  of  only  7,400  pounds.  In  such  a  case, 
it  would  be  more  economical  to  design  a  steel  colunm  to  carry  the 
entire  load,  and  then  to  surround  the  column  with  sufficient  concrete 
to  fireproof  it  thoroughly.  Since  the  stress  in  the  steel  and  the  con- 
crete are  divided  in  proi)ortion  to  their  relative  moduli  of  elasticity, 
which  is  usually  about  10  or  12,  we  cannot  develop  a  working  stress 
of,  say,  15,000  pounds  per  square  inch  in  the  steel,  without  at  the 
same  time  developing  a  compressive  stress  of  1 ,200  to  1 ,500  pounds  in 
the  concrete,  which  is  objecti(mably  high  as  a  working  stress. 

311.  Hooped  Columns.  It  has  been  found  that  the  strength  of 
a  column  is  very  greatly  increased  and  even  multiplied  by  surrounding 
the  colunm  by  numerous  h(K)ps  or  bands  or  by  a  spiral  of  steel.  The 
basic  principle  of  this  strength  can  best  be  apprmated  by  considering 
a  section  of  stovepipe  filled  with  sand  and  acting  as  a  column.  The 
sand  alone,  considered  as  a  column,  would  not  be  able  to  maintain 
its  form,  much  less  to  support  a  load,  especially  if  it  was  dry.  But 
when  it  is  amfined  in  the  pipe,  the  columnar  strength  is  very  con- 
.siderable.  Concrete  not  only  has  great  crushing  strength,  even  when 
plain,  but  can  also  be  greatly  strengthenerl  against  failure  by  the 
tensile  strength  of  bands  which  confine  it.  The  theory  of  the 
amount  of  this  added  resistance  is  very  complex,  and  will  not  here  be 
given.  The  general  conclusions,  in  which  experimental  results  sup- 
port the  theory,  are  as  follows : 

1.  The  deformation  of  a  hoopod  column  is  practically  the  same  as  that 
of  a  plain  concrete  column  of  equal  size  for  loads  up  to  the  maximum  for  a 
plain  column. 

2.  Further  loading  of  a  hooped  column  still  further  increases  the  shorten- 
ing and  swelling  of  the  column,  the  bands  stretching  out,  but  without  causing 
any  apparent  fail' ire  of  the  colunm. 

:j.  Ultimate  failure  occurs  when  the  bands  break  or,  having  passed 
their  elastic  limit,  stretch  excessively. 
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Hooped  columns  may  thus  be  trusted  to  carry  a  far  greater  unit- 
load  than  plain  columns,  or  even  columns  with  longitudinal  rods  and  a 
few  bands.  There  is  one  characteristic  that  is  especially  useful  for 
a  column  which  is  at  all  liable  to  be  loaded  with  a  greater  load  than  its 
nominal  loading.  A  hooped  column  will  shorten  and  swell  verj' 
pf»rceptibly  l)efore  it  is  in  danger  of  sudden  failure,  and  will  thus  give 
ample  warning  of  an  overload. 

Consid^re  has  developed  an  empirical  formula  Vwised  on  actual 
tests,  for  the  strength  of  hooped  columns,  as  follows: 

Ultimate  strength  =  c'A  +  2As'pA ("^2) 

in  which, 

r'  =  Ultimate  strength  of  the  concrete; 

«'  =  A7««/»r //wii7  of  the  steel ; 

/)   =  llatio  of  area  of  the  steel  to  the  whole  area; 

A  =  Whole  area  of  the  column. 

This  formula  is  applicable  only  for  reinforcement  of  mild  steel. 
Applying  this  formula  to  a  hooped  column  tested  to  destruction  by 
Professor  Tallwt,  in  which  the  ultimate  strength  (c')  of  similar  con- 
crete was  1,380  pounds  per  square  inch,  the  elastic  limit  of  the  steel 
(.v')  was  4S,()00  pounds  per  square  inch;  the  ratio  of  reinforcement 
(/))  was  .0212;  and  the  area  (-1)  was  104  square  inches;  and  sul>- 
stituting  these  quantities  in  Equation  42,  we  have,  for  the  computed 
ultimate  strength,  4()9,^KK)  pounds.  The  actual  ultimate  by  Tall>ot's 
test  was  351  ,(XX)  pounds,  or  al)out  86  per  cent. 

TaUK>t  has  suggested  the  following  formula*  for  the  ultimate 
strength  of  hooped  columns  per  square  inch: 

ritimate  strength  -  1,0)00  +  65,000  p  (for  mild  steel).     (43) 
•  -  1  .(UK)  4-  100,000  p  (for  high  steel)  •    (44) 

In  tluvse  formuhe,  p  applies  only  to  the  area  of  concrete  within  the 
hooping;  and  this  is  unciuestionably  the  correct  principle,  as  the 
concrete  outside  of  the  hooping  should  l)e  c*<msidere<l  merely  as  fire 
protection  and  ignored  in  the  numerical  calculations,  just  as  the  con- 
crete l>el()w  the  reinforcing  steel  of  a  l)eam  is  ignored  in  calculating 
the  strength  of  the  beam.  The  ratio  of  the  area  of  the  steel  is  com- 
put(*d  by  computing  the  area  of  an  e(iuivalent  thin  cylinder  of  steel 
which  would  contain  as  much  steel  as  that  actually  used  in  the  bands 
or  spirals.     For  example,  suppose  that  the  spiral  reinforcement  coa- 


266 


VIEWS  OF  CONSTRUCTION  ON  LINE  OF  ILLINOIS  AND  MISSISSIPPI  CANAL 


MASONRY  AND  REINFORCED  CONCRETE  255 


sisted  of  a  i-inch  n>iin(I  rod,  the  spiral  having  a  pit(»h  of  3  inches. 
A  J-inch  round  rod  has  an  area  of  .19()  square  inch.  That  area  for .8 
inches  in  height  would  be  the  etjuivalent  of  a  solid  hand  .0653  inch 
thick.  If  the  spiral  had  a  diameter  of,  say,  11  inches,  its  circum- 
ference would  be  34.56  inches,  and  the  area  of  metal  in  a  horizontal 
section  would  he  34.50  X  .0053  =  2.257  scpiare  inches.  The  area 
of  the  concrete  within  the  spinil  is  05.0  s(|uare  inches.  The  value  of 
p  18  therefore  2.257  -^  05.0  =  .0237.  If  the  l-inch  bar  were  made  of 
hi^-carbon  steel,  the  ultimafe  strength  per  square  inch  of  the  coluum 
would  be  1,600  +  (100,000  X  .0237)  =  1,(MX)  +  2,370  =  3,970. 
The  unit-strength  is  considerably  more  than  doubh^d.  The  ultimate 
strength  of  the  whole  column  is  therefore  05  X  3,070  =  377,150 
pounds.  Such  a  column  could  be  safely  loaded  with  al>out  04,300 
pounds,  provided  its  length  was  not  so  great  that  there  was  danj^er  of 
buckling.  In  such  a  case,  the  unit-stress  should  W*  reduced  acconlinjsj 
to  the  usual  ratios  for  long  columns,  or  the  colunm  should  Ik*  lilnTally 
leinCoTced  with  longitudinal  nnls,  which  would  increase  its  transverse 
stieiigth. 

312.  Effect  of  Eccentric  Loading  of  Columns.  It  is  well 
known  that  if  a  load  on  a  column  is  eccentric,  its  strength  is  consider- 
shiy  less  than  when  the  resultant  line  of  pressure  passes  through  the 
aids  of  the  column.  The  theoretical  demonstration  of  the  amount  of 
this  eccentricity  depends  on  assumptions  which  may  or  may  not  Ik* 
found  in  practice.  The  following  formula  is  given  without  j)n)of  or 
demonstration,  in  Taylor  and  Thompson's  treatise  on  Concn'te: 

Let  e  -«  Eccentricity  of  lo:u I: 
h  "1  Breadth  of  cohiinn; 
/  «  Average  unit -prrK.su re; 

f  ■«  Total  unit-prcssuri'  of  oiitpr  fil»n'  nonn'st    to  lino  of   vrrtiral 
presHun* 

Then, 

/'-/(I  i    t)    ^^^^ 

As  an  illustration  of  this  formula,  if  the  eccentricitv  on  a  12-inch 
column  were  2  inches,  we  should  have  h  ^-  12,  and  r  —■  2.  Sub- 
stituting these  values  in  Ivjuation  45,  we  should  have  f  ^-  2  J,  wliich 
means  that  the  maximinn  pn^ssure  would  e(|ual  twice  the  average 
pressure.     In  the  extreme  case,  when*  the  line  of  pressure  canu*  to 

I 

the  outside  of  the  column,  or  when  r  —  \  h,  we  should  have  that  the 


267 


MASONRY  AND  UEINFOItrED  CONCRETE 


maximum  pressure  on  the  edge  of  llie  colnmii  w-imli]  pijiial  four  timea 
the  average  pressure. 

Any  refinements  in  such  a  caleulation,  however,  are  frerjuently  I 
overshadowed  by  llie  uncertainty  of  the  actual  location  of  the 
of  pressure.     A  column  which  supports  two  equally  loaded  IieauUM 
on  each  side,  is  probably  loaded  more  symmetrically  than  a  colum 
which  supports  merely  the  end  of  a  beam  on  one  side  of  it.     Thef 
best  that  can  be  done  is  arbitrarily  to  lower  the  unit-stress  on  a  ci 
which  is  probably  loaded  .somewhat  eccentrically. 

TANKS 

813.     Design.     The  extreme  durability  of  reinforced-ooncret* 
tanks,  and   their  immunity  from  deterioration  by  rust,  which  s 
quickly  destroys  steel  tanks,  have  resulted  in  the  constniction  of  aM 
large  and  increasing  numl>er  of  tanks  in  reinforced  concrete.     Suchfl 
tanks  must  be  designed  to  withstand  the  bursting  pressure  of  t 
water.     If  they  are  very  high  compared  with  their  diameter, 
even  possible  that  failure  might  result  from  excessive  wind  pressure 

The  method  of  designing  one  of  these  tanks  may  best  be  con- 
sidered from  an  e.tample.     Suppose  that  it  is  required  to  design  t 
reinforced-c-oncrete  tank  with  a  capacity  of  .30,000  gallons,  which  .slij 
have  an  inside  diameter  of  IS  feet.     At  ~.4f*  gallons  per  cubic  foot^ 
a  capacity  of  .50,000  gallons  will  require  6,684  cubic  feet.     If  the  insidtti 
diameter  of  the  tank  is  to  be  18  feet,  then  the  IS-foot  circle  will  coii*fl 
tain  an  area  of  254..5  square  feet.     The  depth  of  the  water  in  thftl 
tank  will  therefore  be  26.26  feet.     The  lowest  foot  of  the  tank  v 
therefore  be  subjected  to  a  bursting  pressure  due  to  25.76  vertici 
feet  of  water.   Since  the  water  pressure  per  square  foot  increases  62j 
pounds  for  each  foot  of  depth,  we  shall  have  a  total  pressure  of  1,61(1 
pounds  per  square  toot  on  the  lowest  foot  of  the  tank.     Since  t 
diameter  is  IS  feet,  the  bursting  pressure  it  must  resist  on  each  sidtf 
is  one-half  of  18  X  1,610  =  i  X  28,980  =  14,490  pounds.     If  i 
allow  a  working  stress  of  15,000  pounds  per  square  inch,  this  i 
retjuire  .966  square  inch  of  metal  in  the  lower  foot.     Since  the  burstinj 
pressure  is  strictly  proportional  to  the  depth  of  the  water,  we  ne« 
only  divide  this  number  proportionally  to  the  depth  to  obtain  t 
bursting  pressiire  at  other  depths.     For  example,  the  ring  one  foe 
high,  at  one-half  the  depth  of  the  tank,  should  have  .483  square  iiu 
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of  metal;  and  that  at  one-third  of  the  depth,  should  have  .322  square 
inch  of  metal.  The  actual  bars  retjuired  for  the  lowest  foot  may  be 
figured  as  follows:  .966  scjuare  inch  per  foot  equals  .0805  square 
inch  per  inch;  j-inch  square  bars,  having  an  area  .5625  square  inch, 
will  furnish  the  required  strength  when  spaced  7  inches  apart.  At 
one-half  the  height,  the  required  metal  per  linear  inch  of  height  is 
half  of  the  above,  or  .040.  This  could  be  provided  by  using  f-inch 
bars  spaced  14  inches  apart;  but  this  is  not  so  good  a  distribution  of 
metal  as  to  use  |-inch  square  bars  having  an  area  of  .39  scjuare  inch, 
and  to  space  the  bars  nearly  10  inches  apart.  It  would  give  a  still 
l)etter  distribution  of  metal,  to  use  \-inch  bars  spaced  6  inches  apart 
at  this  point,  although  the  i-inch  bars  are  a  little  more  expensive  per 
j)ound,  and,  if  they  are  spaced  very  closely,  will  add  slightly  to  the 
cost  of  placing  the  steel.  The  size  and  spacing  of  bars  for  other  ix)ints 
in  the  height  can  be  similarly  determined. 

A  circle  18  feet  in  diameter  has  a  circumference  of  somewhat 
over  56  feet.  Assuming  as  a  preliminary  figure  that  the  tank  is 
to  be  10  inches  thick  at  the  bottom,  the  mean  diameter  of  the  base 
ring  would  be  18.83  feet,  which  would  give  a  circumference  of  over 
59  feet.  Allowing  a  lap  of  3  feet  on  the  bars,  this  would  require 
that  the  bars  should  be  about  62  feet  long.  Although  it  is  possible 
to  have  bars  rolled  of  this  length,  they  are  very  difficult  to  handle, 
and  require  to  be  transported  on  the  railroads  on  iitx)  flat  cars.  It  is 
therefore  preferable  to  use  bars  of  slightly  more  than  half  this  length, 
and  to  make  two  joints  in  each  band. 

The  bands  which  are  used  for  ordinary  wocxlen  tanks  are  usually 
fastened  at  the  ends  by  screw-bolts.  Some  such  method  is  necessary 
for  the  bands  of  concrete  tanks^  provided  the  bands  are  made  of  plain 
bars.  Deformed  bars  have  a  great  advantage  in  such  work,  owing  to 
the  fact  that,  if  the  bars  are  overlapped  from  IS  inches  to  3  feet, 
according  to  their  size,  and  are  then  wired  together,  it  ^^-ill  require  a 
greater  force  than  the  strength  of  the  bar  to  pull  the  joints  apart  after 
they  are  once  thoroughly  incased  in  the  concrete  and  the  concrete 
has  hardened. 

314.  Test  for  Overturning.  Since  the  computed  depth  of  the 
water  is  over  26  feet,  we  must  calculate  that  the  tank  will  l)e,  say,  28 
feet  high.  Its  outer  diameter  will  be  approximately  20  feet.  The 
total  area  exposed  to  the  surface  of  the  vyind,  will  be  560  s(juare  feet. 
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We  may  assume  that  the  wind  has  an  average  pressure  of  50  pounds 
per  square  foot;  but  owing  to  the  circular  form  of  the  tank,  we  shall 
assume  that  its  effective  pressure  is  only  one-half  of  this;  and  there- 
fore we  may  figure  that  the  total  overturning  pressure  of  the  wind 
equals  560  X  25  =  14,000  pounds.  If  this  is  considered  to  be  applied 
at  a  point  14  feet  above  the  ground,  we  have  an  overturning  moment 
of  196,000  foot-pounds,  or  2,352,000  inch-pounds. 

Although  it  is  not  strictly  accurate  to  consider  the  moment  of 
inertia  of  this  circular  section  of  the  tank  as  it  would  be  done  if  it  were 
a  strictly  homogeneous  material,  since  the  neutral  axis,  instead  of 
being  at  the  center  of  the  section,  will  be  nearer  to  the  compression 
side  of  the  section,  our  simplest  method  of  making  such  a  calculation 
is  to  assume  that  the  simple  theory  applies,  and  then  to  use  a  generous 
factor  of  safety.  The  effect  of  shifting  the  neutral  axis  from  the 
center  toward  the  compression  side,  will  be  to  increase  the  unit-com- 
pression on  the  concrete,  and  reduce  the  unit-tension  in  the  steel;  but, 
as  will  be  seen,  it  is  generally  necessary  to  make  the  concrete  so  thick 
that  its  unit  compressive  stress  is  at  a  very  safe  figure,  while  the 
reduction  of  the  unit-tension  in  the  steel  is  merely  on  the  side  of  safety. 

Apphnng  the  usual  theory,  we  have,  for  the  moment  of  inertia  of 
a  ring  section,  .049  (dj*  —  d*).  Let  us  assume  as  a  preliminary 
figure,  that  the  wall  of  the  tank  is  10  inches  thick  at  the  bottom. 
Its  outside  diameter  is  therefore  IS  feet  +  t\ince  10  inches,  or  236 
inches.  The  moment  of  inertia  /  =  .049  (236*  -  216*)  =  45,337,- 
842  bicjiiadnitie  inches.  Calling  c  the  unit-compression,  we  Iiave,  as 
the  ultimate  moment  due  to  wind  pressure: 

w         <•  /         rX45.337.S42       .,  .,„  ,^„,  .     ,  , 

M  ^    ,    ,    -  ,    . =  2.352,000  incn-tx)und8, 

in  which  \  d^  =  lis  inches. 

Solving  the  alK)ve  eijuation  for  c,  we  have  c  equals  a  fraction 
less  than  0  })oun(ls  {)er  stjuare  inch.  This  pressure  is  so  utterly 
insignificant,  that,  even  if  we  double  or  treble  it  to  allow  for  tlie  shift- 
ing of  the  neutral  axis  from  the  center,  and  also  double  or  treble  the 
allowance  made  for  wind  pressure,  although  the  pressure  chosen  is 
usually  con.sidcrcd  innplc,  we  shall  still  find  that  there  is  practically 
no  danger  that  the  tank  will  fail  owing  to  a  crushing  of  the  concrete 
due  to  wind  pressure. 
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The  above  method  of  computation  has  its  value  in  estimating 

the  amount  of  steel  required  for  vertical  reinforcement.     On  the  basis 

of  6  pounds  per  square  inch,  a  sector  with  an  average  width  of  1  inch 

and  a  diametral  thickness  of  10  inches  would  sustain  a  compression 

of  about  60  pounds.     Since  we  have  been  figuring  working  stresses, 

we  shall  figure  a  working  tension  of,  say,  16,000  pounds  per  square 

60 
inch  in  the  steel.    This  tension  would  therefore  require  ^^  ^^^   = 

16,000 

.0037  square  inch  of  metal  per  inch  of  width.  Even  if  J-inch  bars 
were  used  for  the  vertical  reinforcement,  they  would  need  to  be 
spaced  only  about  17  inches  apart.  This,  however,  is  on  the  basis 
that  the  neutral  axis  is  at  the  center  of  the  section,  which  is  known  to 
be  inaccurate. 

A  theoretical  demonstration  of  the  position  of  the  neutral  axis 
for  such  a  section,  is  so  exceedingly  complicated  that  it  will  not  be 
considered  here.  The  theoretical  amount  of  steel  required  is  always 
less  than  that  computed  by  the  above  approximate  method;  but  the 
necessity  for  preventing  cracks,  which  would  cause  leakage,  would 
demand  more  vertical  reinforcement  than  would  be  required  by  wind 
pressure  alone. 

315.  Practical  Details  of  the  Above  Design.  It  was  assumed 
as  an  approximate  figure,  that  the  thickness  of  the  concrete  side  wall 
at  the  base  of  the  tank  should  be  10  inches.  The  calculations  have 
shown  that,  so  far  as  wind  pressure  is  concerned,  such  a  thickness  is 
very  much  greater  than  is  required  for  this  purpose;  but  it  will  not 
do  to  reduce  the  thickness  in  accordance  with  the  apparent  recjuire- 
ments  for  wind  pressure.  Although  the  thickness  at  the  bottom  might 
be  reduced  below  10  inches,  it  probably  would  not  be  wise  to  do  so. 
It  may,  however,  be  tapered  slightly  towards  the  top,  so  that  at  the 
top  the  thickness  will  not  be  greater  than  6  inches,  or  perhaps  even 
5  inches.  The  vertical  bars  in  the  lower  part  of  the  side  wall  must  be 
bent  so  as  to  run  into  the  base  slab  of  the  tank.  This  will  bind  the 
side  wall  to  the  bottom.  The  necessity  for  reinforcement  in  the 
bottom  of  the  tank  depends  very  largely  upon  the  nature  of  the 
foundation,  and  also  to  some  extent  on  the  necessity  for  providing 
against  temperature  cracks,  as  has  been  discussed  in  a  previous  sec- 
tion. Even  if  the  tank  is  placed  on  a  firm  and  absolutely  unyielding 
foundation,  some  reinforcement  should  be  used  in  the  bottom,  in 
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order  to  prevent  cracks  which  might  produce  leakage.  These  bars 
should  run  from  a  point  near  the  center^  and  be  bent  upward  at  least 
2  or  3  feet  into  the  vertical  wall.  Sometimes  a  gridiron  of  bars 
running  in  both  directions  is  used  for  this  purpose.  This  method  is 
really  preferable  to  the  radial  method.  The  methods  of  making 
tanks  water-tight  have  already  been  discussed. 
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PART  IV. 


FINISHING  SURFACES  OF  CONCRETE 

316.  Imperfections.  To  give  a  jiiitisfactory  finish  to  ex{X)stxl 
surfaces  of  concrete  uj  a  rather  difficult  problem.  Usually,  when 
the  forms  are  taken  down,  the  surface  of  the  concrete  shows  the 
joints,  knots,  and  grain  of  the  wood.  It  has  more  the  appearance  of 
a  piece  of  rough  carpentry  work  than  that  of  finished  masonry.  Or, 
failure  to  tamp  or  flat-si)ade  the  surfaces  next  to  the  forms,  will  result 
in  AHigh  places  or  stone  pockets.  I^ck  of  homogeneity  in  the  concrete 
will  cause  a  variation  in  the  surface  texture  of  the  concrete.  Varia- 
tion of  color,  or  discoloration,  is  one  of  the  most  common  imperfec- 
tions. Old  concrete  adhering  to  the  fonns  will  leave  pits  in  the 
surface;  or  the  pulling-ofi  of  the  concrete  in  spots,  as  a  result  of  it 
adhering  to  the  fonns  when  they  are  removed,  will  cause  a  roughness. 

To  guard  against  these  imperfections,  the  forms  must  be  well 
constructed  of  dressed  lumber,  and  the  pores  should  be  well  filh*d 
with  soap  or  paraffine.  The  concrete  should  be  thoroughly  mixetl, 
and,  when  placed,  care  should  l>e  taken  to  compact  the  concrete 
thoroughly,  next  to  the  forms.  The  variation  in  color  is  usually 
due  to  the  leaching-out  of  lime,  which  is  deposited  in  the  form  of  an 
efflorescence  on  the  surface;  or  to  the  use  of  different  cements  in  adja- 
cent parts  of  the  same  work.  The  latter  case  usually  can  be  avoided 
by  using  the  same  brand  of  cement  on  the  entire  work,  and  the 
former  will  l)e  treated  under  the  heading  of  Efflorescence  (Article  32i)). 

317.  Plastering.  Plastering  is  not  usually  successful,  although 
there  are  cases  where  a  mixture  of  ecjual  parts  of  cement  and  sand 
has  apparently  Invn  successful;  and  when  finishwl  rough,  it  did  not 
show  any  cnicks.  It  is  generally  considered  imjM)ssil)le  to  apply 
mortar  in  thin  la  vers  to  a  concrete  surface,  and  make  it  adhere  for  anv 
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length  of  time.  When  the  plastering  b^ins  to  scale  oS,  it  looks 
worse  than  the  unfinished  surface.  Tliis  paragiaph  b  intended  more 
as  a  warning  against  this  manner  of  finishing  concrete  surCaces  than 
as  a  description  of  it  as  an  approved  method  of  finish. 

318.  Mortar  Facing.  The  following  method  has  been  adopted 
by  the  New  York  Central  Railroad  for  giving  a  good  finish  to  exposed 
concrete  siurfaces: 

The  forms  of  2-inch  tongued-and-grooved  pine  were  coated  with 
soft  soap,  all  openings  in  the  joints  of  the  forms  being  filled  with  hard 
soap.  The  concrete  was  then  deposited,  and,  as  it  progressed,  was 
drawn  back  from  the  face  with  a  square-pointed  shovel,  and  1 : 2  mor- 
tar poured  in  along  the  forms.  When  the  fonns  were  removed,  and 
while  the  concrete  was  green,  the  surface  was  rubbed,  with  a  circular 
motion,  with  pieces  of  white  firebrick,  or  brick  composed  of  one  part 
cement  and  one  part  sand.  The  surface  was  then  dampened  and 
painted  with  a  1 : 1  grout,  rubbed  in,  and  finished  with  a  wooden 
float,  leaving  a  smooth  and  hard  surface  when  dry. 

The  following  method  of  placing  mortar  facing  has  been  found 
very  satisfactory,  and  has  been  adopted  very  extensivdy  in  the  last 
few  years:  A  sheet-iron  plate  6  or  8  inches  wide  and  about  5  or  6 
feet  long,  has  riveted  across  it  on  one  side  angles  of  }-inch  size,  or  such 
other  size  as  may  be  necessary  to  give  the  desired  thickness  of  mortar 
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Fig.  1 10.    Mould  for  Mortar  Facing. 

facing,  these  angles  being  spaced  about  two  feet  apart  (Fig  116).  In 
oiK'nition,  the  ribs  of  the  angles  are  placed  against  the  forms;  and  the 
space  l)etween  the  plate  and  fonns  is  filled  with  mortar,  which  is  mixed 
in  small  Imtches,  and  thoroughly  tamped.  The  concrete  back-filling  is 
then  placed;  the  mould  is  withdra\Mi;  and  the  facing  and  back- 
filhng  are  ranunwl  together.  The  mortar  facing  is  mixed  in  the  pro- 
portion of  one  |>art  cement,  to  1,  2,  or  .'?  {>arts  sand;  usually  a  1:2 
mixture  is  emplowl,  niixetl  wet  and  in  small  batches  as  used.  As 
mortar  facing  shows  the  roughness  of  the  forms  more  readily  than 
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concrete  does,  care  is  required  in  constructing,  to  secure  a  smooth 
finish.  When  the  forms  are  removed,  the  face  may  be  treated  either 
in  the  manner  already  described,  or  according  to  the  following  method 
taken  from  the  "Proceedings"  of  the  American  Railway  Engineering 
and  Maintenance  of  Way  Association : 

"After  the  forms  are  removed,  any  small  cavities  or  openings  in  the 
conciete  shall  be  filled  with  mortar,  if  necessary.  Any  ridges  due  to  cracks  or 
joints  in  the  lumber  shall  be  rubbed  down;  the  entire  face  shall  be  washed  with 
a  thin  grout  of  the  consistency  of  whitewash,  mixed  in  the  proportion  of  1 
part  cement  to  2  parts  of  sand.     The  wash  shall  be  applied  with  a  brush/' 

319.  Masonry  Facing.  Concrete  surfaces  may  be  finished  to 
represent  ashlar  masonry.  The  process  is  similar  to  stone-dressing; 
and  any  of  the  forms  of  finish  employed  for  cut  stone  can  he  used  for 
concrete.    Very  often,  when 


the  surface  is  finished  to 
represent  ashlar  masonry, 
verticaland  horizontal  three- 
sided  pieces  of  wood  are 
fastened  to  the  forms  to 
make  V-shaped  depressions 
in  the  concrete,  as  shown  in 
Fig.  117. 
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Fig.  117.    Masonry  Facing  of  Concrete. 

320.  Stone  or  Brick  Facing.  A  facing  of  stone  or  brick  is 
frequently  used  for  reinforced  concrete,  and  is  a  very  satisfactory 
solution  of  the  problem  of  finish.  The  same  care  is  re(juircxl  with  a 
stone  or  brick  facing  as  if  the  entire  structure  were  stone  or  brick. 
The  Ingalls  Building  at  Cincinnati,  Ohio,  10  stories,  is  veneered  on  the 
outside  with  marble  to  a  height  of  three  stories,  and  with  brick  and 
terra-cotta  above  the  third  story.  Exclusive  of  the  facing,  the  wall  is 
8  inches  thick. 

In  constructing  the  Harvard  University  Stadium,  care  was 
taken,  after  the  concrete  was  placed  in  the  forms,  to  force  the  stones 
back  from  the  face  and  permit  the  mortar  to  cover  every  stone.  When 
the  forms  were  removed,  the  surface  was  picked  with  a  tool  as 
shown  in  Fig.  118.  A  pneumatic  tool  has  also  l^een  adopted  for  this 
purpose. 

The  number  of  square  feet  to  be  picked  per  day,  depends  on  the 
hardness  of  the  concrete.  If  the  picking  is  performed  by  hand,  it  is 
done  by  a  common  laborer;  and  he  is  expected  to  cover,  on  an  average, 
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about  50  square  feet  per  day  of  ten  hours.    With  a  pneumatic  tool, 
a  man  would  cover  from  400  to  500  square  feet  per  day. 

321.  Granolithic  Finish.  Several  concrete  bridges  in  Phila- 
delphia have  been  finished  according  to  the  following  specifications; 
and  their  appearance  is  very  satisfactory: 

"Granolithic  surfacing,  where  required,  ahall  be  compooed  of  1  part 
cement,  2  parts  coarse  sand  or  gravel,  and  2  parts  granolithic  grit,  made  into 

a  stiff  mortar.  Granolithic  grit  shall  be  granite 
or  trap  rock,  crushed  to  pass  a  }-inch  sieve,  and 
screened  of  dust.  For  vertical  surfaces,  the 
mixture  shall  be  deposited  against  the  face 
forms  to  a  minimum  thickness  of  1  inch,  by 
skilled  workmen,  as  the  placing  of  the  concrete 
proceeds;  and  it  thus  forms  a  part  of  the  body 
of  the  work.  Care  must  be  taken  to  prevent 
the  occurrence  of  air-spaces  or  voids  in  the  sur^ 
face.  The  face  shall  be  removed  as  soon  as  the 
concrete  has  sufficiently  hardened;  and  any 
voida  that  may  appear  shall  be  filled  with  the 
mixture.  The  suiiface  shall  then  be  immediate- 
ly,  washed  with  water  until  the  grit  is  exposed 
and  rinsed  clean,  and  shall  be  protected  from 
the  sun  and  kept  moist  for  three  days.  For 
bridge-seat  courses  and  other  horisontal  sur- 
faces, the  granolithic  mixture  shall  be  deposited 
on  the  concrete  to  a  thicknera  of  at  least  l\ 
inch(»8,  iniine<iiately  aft(»r  the  concrete  has  been 
tamped  and  before  it  has  set,  and  shall  lie 
troweled  to  an  oven  surface,  and,  after  it  has  H<»t  sufficiently  hanl,  shall  be 
washed  until  the  j^it  is  ex|K)soti." 

The  success  of  tiiis  method  (lepc^nds  gn»atly  on  the  removal  of 
the  forms  at  the  propter  time.  In  general  the  washing  is  done  the  day 
following  that  on  which  the  concrete  was  deposited.  '^The  fresh 
concrete  is  scrubbed  with  an  ordinary  scrubbing-brush,  removing  the 
film,  the  impressions  of  the  forms,  and  exposing  the  sand  ana  stone 
of  the  concrete.  If  this  is  done  at  the  right  time — that  is,  when  the 
material  is  at  the  pro|x»r  degree  of  hanlness — merely  a  few  niks  of  an 
ordinary  house  scrubbing-bmsh,  with  a  free  flow  of  water  to  cut  and 
to  rinse  clean,  constitutes  all  the  work  and  apparatus  recjuirwl.  The 
cost  of  scrubbing  is  small  if  done  at  the  right  time.  A  Ialx)rer  will 
wash  100  square  fei»t  in  an  hour;  but  if  that  same  area  is  permitted  to 
get  hard,  it  may  recjuire  two  men  a  day  with  wire  brushes  to  secure  the 
desired  results.  The  practicability  of  removing  the  forms  at  the 
pn)per  time  for  such  treatment,  def>ends  upon  the  character  of  the 
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structure  aii<i  the  conditions  under  which  tlic  work  must  \te  done. 
This  method  is  applicable  to  vertical  walls,  but  it  would  not  be 
applicable  to  thesofHtof  an  arch.     (See  Fig.  119.) 

322.  The  Acid  Treatment.  This  treatment  consists  in  wasliing 
the  surface  of  Ihe  concrete  with  diluted  acid,  then  with  an  alkaline 
solution.   The  diluted  acid  is  applied  first,  to  remove  the  cement  and 

-  ^''  -^^^ 


»v*^. 


Fig.  no.    Qulmbr'H  Finish  cm  (^nnrreie  Siirfai-c-s,    llcprnihicpd  at  iictual  sli^, 

expose  the  sand  and  slnne;  the  alkaline  sohition  is  then  applied  to 
remove  all  of  the  free  aci<l ;  ami  finally  the  siirface  is  washed  willi  tlear 
water.  The  treatment  may  be  ap[)lie(l  at  any  time  after  the  forms 
are  removed.  It  is  simple  and  effective.  Limestone  cannot  be  used 
in  the  concrete  for  any  surfaces  that  are  to  have  thi.'i  treatment,  as  the 
limestone  would  be  affected  by  the  acid.  This  process  has  been 
itsed  very  successfully.     It  is  said  to  l)e  patented. 

323.  Dry  Mortar  Finish.  The  dry  mortar  method  consists 
of  a  dry,  rich  mixture,  widi  finely  crushed  stone.  The  concrete  is 
usually  composed  of  1  part  cement,  .3  parts  sand,  ami  3  jKirts  cnislicd 
stone  known  at  the  J-inch  size,  and  mixed  dry  so  that  no  nmrtar  will 
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k  to  tfar  suihi*  wbea  wriQ  rammed  in  the  Fomis.  Whto  plared, 
e  is  bM  :tp«dn]  oext  to  the  fonns;  luid  being  dry,  there  Is 
■  jorface.  but  there  should  be  an  even-graiiu^l, 
With  the  drr  mixture,  the  imprint  of  joints  of  thr 
d.  Mxid  the  grain  of  the  wood  is  not  seen  at 
s  slyfc  tti  fbu^  bu  been  exieasively  used  in  the  South  I'ark 
B  at  CiitMgit,  and  there  has  heea  no  efllnrescence  appureiit  uu 
ibr  sn&cc.  which  is  explained  by  "the  dryness  of  the  mix  and  thf 
pofonty  of  the  surface.'* 

324.  Cvt  Stab  VcBMr.  Cast  coocrele  stab  veneer  can  be  Dude 
of  aordesOTd  thickiMss  or  sixe.  Il  is  set  in  place  like  stone  \'eneer, 
with  the  remainder  of  the  concrete  forming 
the  baddng.  It  is  usually  cast  in  wotxleti 
moulds,  face  down.  A  layer  of  mortar,  1 
pan  cement,  1  part  sand,  and  2  or  3  parts 
fine  stone  or  coarse  sand,  is  placed  in  ihe 
mimid  to  a  depth  of  about  1  inch,  and  tlien 
the  mould  is  fitW  up  with  a  1 : 2;  4  concrete. 
Any  steel  reinforcement  that  is  desired  mav 
be  placed  in  ihc  concrete.  Usually,  cast  con- 
crete slab  veneer  is  cheaper  than  concrete 
facing  cast  in  place,  and  a  better  surface 
finish  is  secured - 

32'y.  Mouldings  and  Ot^amental  Shapes. 
Concrete  is  now  iu  demand  in  omatnenlal 
shapes  for  buildings  and  bridges.  They  may 
l>e  either  constructed  in  place,  or  moulded 
in  sections  and  placed  the  same  as  cut  stone. 
Plain  cornices  or  panels  are  usually  con- 
sirucled  in  place,  and  complicated  mould- 
ing or  balusters  (Fig   120)  are  usiiallv  made 

Fig.  IM-    Bilmtradr.  ..... 

in  sections  ami  erected  in  separate  pieces. 
The  moulds  may  be  constructed  of  wood,  metal,  or  plaster  of 
Paris,  or  moulded  in  sand.  The  operation  of  casting  concrete  in 
sand  is  similar  to  that  of  casting  iron.  The  pattern  is  made  of  wood 
the  exact  size  required.  It  is  then  moulded  in  flasks  exactly  as  done 
in  casting  iron.  The  ingredients  for  concrete  consist  of  cement  and 
sand  or  fine  crushed  stone;  the  mixture,  with  a  consistence  about 
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that  of  cream,  is  poured  into  the  mould  with  the  aid  of  a  funnel  and  a 
T-pipe.  Generally  the  casting  is  left  in  the  sand  for  three  or  four 
days,  and,  after  being  taken  out  of  the  sand,  should  harden  in  the  air 
a  week  or  ten  days  before  being  placed.  Balusters  are  very  often 
made  in  this  manner. 

326.  Colors  for  Concrete  Finish.  Coloring  matter  has  not 
been  used  very  extensively  in  concrete  work,  except  in  ornamental 
work.  It  has  not  been  verj^  definitely  determined  what  coloring 
matters  are  detrimental  to  concrete.  Lampblack  (boneblack)  has 
been  used  more  extensively  than  any  other  coloring  matter.  It  gives 
diflFerent  shades  of  gray,  depending  on  the  amount  used.  Common 
lampblack  and  Venetian  red  should  not  he  used,  as  they  are  apt  to 
run  or  fade.  Dry  mineral  colors,  mixed  in  proportions  of  two  to  ten 
per  cent  of  the  cement,  give  shades  approaching  the  color  used.  Red 
lead  should  never  be  used ;  even  one  per  cent  is  injurious  to  the  con- 
crete. Variations  in  the  color  of  cement  and  character  of  the  sand 
used  will  aflFect  the  results  obtained  in  using  coloring  matter. 

COLORED  MORTARS 

Colors  Qlven  to  Portland  Cement  Mortars  Containing:  Two  Parts 

River  Sand  to  One  Part  Cement 


Drt 

Wkioht  of  Dry  CpLOKixo  M. 

\TTKR  TO   100   L 

jBs.  of  Ckmknt 

(^OHT   OF 

Coloring 

Matkriai. 
Uhkii 

i  Pound 

1  Pound 
Light  Gray 

2  Pounds 
Blue  Gray 

4    POUNOH 

Dark  Blue 
Slate 

Mattkk  per 
Poind 

Lampblack 

Light  Slate 

15  cents 

Prussian 
Blue 

Light  Green 
Siat« 

Light  Blue 
Slate 

Blue  Slate 

Bright  Blue 
Slate 

')0       *' 

Ultramarine 

Light  Blue 
Slate 

Blue  Slate 

Bright  Blue  1 
Slate 

20 

Blue 

Yellow 

Light  Green 

* 

Light  Buff     ' 

'A 

Ocher 

Burnt 
Umber 

Light  Pink- 
itth  Slate 

Pinkish 
Slate 

Dull  Laven- 
der Pink 

Chocolate 

10       " 

Venetian     . 
Re<l 

Slate,  Pink 
Tinge 

Bright  Pink- 
ish Slate 

Light  Dull 
Pink 

Dull  Pink 

2\     " 

Red  Iron 
Ore 

Pinkish 
Slale 

Dull  Pink 

Tcrra-rotta 

Light  Brick 
Ked 

2^      " 

The  above  table  is  taken  from  Sabin's  •'Cement  and  Concrete.  " 

327.     Painting  Concrete  Surface.     Special  paints  are  made  for 
painting  concrete  surfaces.  Ordinary  paints,  as  a  general  rule,  are  not 
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satisfactory.     Before  tlie  paint  is  applied,  the  surface  of  the  ' 
should  l>e  washed  with  dilute  sulphuric  acid,  1  part  acid  to  100  parts  1 
water. 

32S.  Finish  for  Floors.  Flooi^  in  manufacturing  buildings  are  1 
often  finished  with  a  1-inch  coat  of  L'ement  and  sand,  which  is  usually  J 
mixed  in  the  proportions  of  1  part  cement  to  1  part  sand,  or  1  part  I 
cement  to  2  parts  sand.  This  fini.shing  coat  must  be  put  on  before! 
the  concrete  base  sets,  or  it  will  break  up  and  shell  off,  unless  it  is  made  j 
very  tliick,  IJ  to  2  inches.  A  more  satisfactory  method  of  finishing 
such  floors  is  to  put  2  incliea  of  cinder  concrete  on  the  concrete  base^  • 
and  then  put  the  finishing  coal  on  the  cinder  concrete.  The  finish  I 
coat  and  cinder  concrete  bond  together,  making  a  thickness  of  three  1 
inches.  The  cinder  concrete  may  consist  of  a  mixture  of  1  part  I 
cement,  2  parts  sand,  and  0  parts  cinders,  and  may  be  put  down  at  1 
any  time;  that  is,  this  method  of  finishing  a  floor  can  be  used  aa  j 
satisfactorily  on  an  old  concrete  floor  as  on  one  just  constructed. 

In  office  buildings,  and  generally  in  factory  buildings,  a  wooden 
floor  is  laid  over  the  concrete.  AA'ooilen  stringers  are  first  laid  on 
the  concrete,  about  11  to  2  feet  apart.  The  stringers  are  2  inches 
thick  ant!   '.i  inches  wide  on   top,  with  sloping  edges.    The  spacft'^ 


Fig.  121.    ClailerFlU  betveen  Strlogrn. 

between  the  stringers  is  filled  with  cinder  concrete,  as  shown  in  Fig. 
121,  usually  mixed  1:4:8.     HTien  the  concrete  has  set,  the  flooring  ] 
is  nailed  to  the  stringers. 

32*1.     Efflorescence.     The  white  depasit  found  on  the  surface! 
of  concrete,  brick,  and  stone  masonry  is  called  efforexcence.     It  is  4^ 
caused  by  the  leaching  of  certain  lime  compounds,  which  are  deposited  j 
on  the  surface  by  the  evaporation  of  the  water.     This  is  l»elieved  to  \ 
be  due  primarily  to  the  variation  in  the  amount  of  water  used  in 
mixing  the  mortar.     An  excess  of  water  will  cause  a  segregation  of 
the  coar.se  and  fine  materials,  resulting  in  a  difTerencc  of  color.     In  a 
very  wet  mixture,  more  lime  will  be  set  free  from  the  cement  and 
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brought  to  the  surface.  When  great  care  is  used  as  to  the  amount  of 
water,  and  care  is  taken  to  prevent  the  separation  of  the  stone  from 
the  mortar  when  deposited,  the  concrete  will  present  a  fairly  uni- 
form color  when  the  forms  are  removed.  There  is  greater  danger 
of  the  efflorescence  at  joints  than  at  any  other  point,  unless  special 
care  is  taken.  If  the  work  is  to  be  continued  within  24  hours,  and 
care  is  taken  to  scrape  and  remove  the  laitance,  and  then,  before 
the  next  layer  is  deposited,  the  scraped  surface  is  coated  with  a  thin 
cement  mortar,  the  joint  should  be  impervious  to  moisture,  and  no 
trouble  with  efflorescence  should  be  experienced. 

A  very  successful  method  of  removing  efflorescence  from  a  con- 
crete surface,  consists  in  applying  a  wash  of  diluted  hydrochloric 
acid.  The  wash  consists  of  1  part  acid  to  5  parts  water,  and  is 
applied  with  scrubbing  brushes.  Water  is  kept  constantly  played  on 
the  work,  by  means  of  a  hose,  to  prevent  the  penetration  of  the  acid. 
The  cleaning  is  very  satisfactory,  and  for  plain  surfaces  costs  about 
20  cents  per  square  yard. 

330.  Laitance.  Laitance  is  whitish,  spongy  material  that  is 
washed  out  of  the  concrete  when  it  is  deposited  in  water.  Before 
settling  on  the  concrete,  it  gives  the  water  a  milky  appearance.  It 
is  a  semi-fluid  mass,  composed  of  a  very  fine,  flocculent  matter  in  the 
cement;  generally  contains  hydrate  of  lime;  stays  in  a  semi-fluid 
state  for  a  long  time;  and  acquires  very  little  hardness  at  its  best. 
Laitance  interferes  with  the  bonding  of  the  layers  of  concrete,  and 
should  always  be  thoroughly  cleaned  from  the  surface  before  another 
layer  of  concrete  is  placed. 

MACHINERY  FOR  CONCRETE  WORK 

331.  Concrete  Plant.  No  general  rule  can  be  given  for  laying 
out  a  plant  for  concrete  work.  Every  job  is  generally  a  problem  by 
itself,  and  usually  requires  a  careful  analysis  to  secure  the  most 
economical  results.  Since  it  is  much  easier  and  cheaper  to  handle  the 
cement,  sand,  and  stone  before  they  are  mixed,  the  mixing  should 
be  done  as  near  the  point  of  installation  as  possible.  All  facilities  for 
handling  these  materials,  charging  the  mixer,  and  distributing  the 
concrete  after  it  is  mixed,  must  be  secured  and  maintained.  The 
charging  and  distributing  are  often  done  by  wheelbarrows  or  carts; 
and  economy  of  operation  depends  largely  upon  system  and  regu- 
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larity  of  operation.  Simple  cycles  of  operations,  the  maintenance 
of  proper  runways,  together  with  clock-like  regularity,  are  necessary 
for  economy.  To  shorten  the  distance  of  wheeling  the  concrete,  it  is 
very  often  found,  on  large  buildings,  that  it  is  more  economical  to 
have  two  medium-sized  ])lants  located  some  distance  apart,  than 
to  have  one  large  plant.  In  city  work,  where  it  is  usually  impossible 
to  locate  the  hoist  outside  of  the  building,  it  is  constructed  in  the 
elevator  shaft  or  light  well.  In  purchasing  a  new  plant,  care  must 
be  exercised  in  selecting  machinery  that  will  not  only  be  satisfactory 
for  the  first  job,  but  that  will  fulfil  the  general  needs  of  the  purchaser 
on  other  work.  All  parts  of  the  plant,  as  well  as  all  parts  of  any  one 
machine,  should  be  easily  duplicated  from  stock,  so  that  there  will 
not  be  any  great  delay  from  any  breakdown  or  worn-out  parts. 

The  design  of  a  plant  for  handling  the  material  and  concrete, 
and  the  selection  of  a  mixer,  depend  upon  local  conditions,  the 
amount  of  concrete  to  be  mixed  per  day,  and  the  total  amount  re- 
quired on  the  contract.  It  is  very  evident  that  on  large  jobs  it  pays 
to  invest  a  large  sum  in  machinery  to  reduce  the  number  of  men  and 
horses;  but  if  not  over  50  cubic  yards  are  to  be  deposited  per  day,  the 
cost  of  the  machinery  is  a  big  item,  and  hand  labor  is  generally 
cheaper.  The  interest  on  the  plant  must  be  charged  against  the 
number  of  cubic  yards  of  concrete;  that  is,  the  interest  on  the  plant 
for  a  year  must  he  chartred  to  the  numl)er  of  cubic  vards  of  concrete 
laid  in  a  year.  The  depreciation  of  the  plant  is  found  by  taking  the 
cost  of  the  entire  plant  when  new,  and  then  appraising  it  after  the 
contract  is  finished,  and  dividing  the  difference  by  the  total  cubic 
yards  of  concrete  laid.  This  will  give  the  depreciation  per  cubic 
yard  of  concrete  manufactured. 

XV2.  Concrete  Mixers.  The  best  concrete  mixer  is  the  one  that 
turns  out  the  niaxinuini  of  thoroughly  mixed  concrete  at  the  mini- 
nuHu  of  cost  for  power,  interest,  and  maintenance.  The  type  of 
mixer  \yith  a  complicated  motion  ^ives  better  and  quicker  results  than 
one  with  a  simpler  motion.  There  are  two  general  classes  of  con- 
crete nuxvr^— continuous  mixers  and  hafch  mixers.  A  coniinuoxLs 
mixer  is  one  into  which  the  materials  are  fwl  constantly,  and  from 
which  the  concrete  is  diseliariretl  constantly.  Batch  mixers  are  con- 
structixl  to  receive  the  cement  wiih  its  prop)rtionate  amount  of  sand 
and  stone,  all  at  one  charts  and,  when  mixed,  it  is  discharged  in  a 
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mass.  No  very  distinct  line  can  be  drawn  between  these  two  classes, 
for  many  of  these  mixers  are  adapted  to  either  oontimious  or  batch 
mixing,  (jenerally,  batch  mixers  are  preferred,  as  it  is  a  very  diffi- 
cuttmattertofeed  the 
mixers  uniformly  un- 
less the  materials 
are  mechanically 
measured. 

Continuous  mixers 
usually  consist  of  a 
bng  screw  or  pug  mill, 
(hat  pushes  the  ma- 
terials along  a  drum 
until  they  are  dis- 
charged in  a  continu- 
ous stream  of  concrete. 
Where  the  mixers  are 
fed  with  automatic 
measuring  devices,  the 
concrete  is  not  regular, 
as  there  is  no  recipro- 
cating motion  of  the 
materials.  In  a  paper 
recently  read  before 
the  Association  of 
American  Portland 
Cement  Manufac- 
turers, S.  B.  Newberry 
says: 

"For  the  preparation 
of  concrete  for  bbcks  in 
which  thorough  mixing 
and  U!ie  of  an  exact  ami 
uniform  proportion  of  water  an^  nenwsary,  continuous  mixing  machincfl  arc 
unsuitable;  and  batch  mixers,  in  which  a  measured  batch  of  the  material  ie 
mixed  the  required  time,an<l  (hen  dischiirgeii,  an-  the  only  type  which  will 
be  found  effective." 

There  are  three  general  types  of  concrete  mixers:  prai-j/y  mixers, 
rotary  mixers,  and  paddle  mixers. 

Gravity  mixers  arc  the  oldest  type  of  coiicrele  mixers.     They 


fie-  I3J    Portable  Cravlty  Mixer. 


d  fay  «tiiku^  olstniptkm< 
II  thmugh  the  tnaihiut'. 

fk^  fl^  12  Sluslniici  *  [mH- 
Mfe  f^tiiT  onxer.  Tliisiiiixn, 
■*vdlbcsenifn*n  tbcBguir.M 
M  9«cl  tRM^  wrdiute  ut  which 
mixiiii;  mciuhm 
ei  fins  or  iitAn. 
b  ponabk-,  and  n~ 
■o  afciillnl  laUir  lo  o^T- 
»x  ii.  TlKfc  is  ootbb);  to  p-t 
•3»tx  «i  onkr  tir  cmuse  dclavs. 
Ii  >$  adapcal  foo-  both  lai^anl 
^suS  }cfa&.  In  ibc  funnerosc, 
-  ^  x^iOKliT  fed  hy  oKJisan,  uul 
c^  tk:^  nrtkod  vill  pnxiuiietoii-  , 
«-  Sod  to  ikfir  Rspectire  lir4 
s  fnsi  i^  illacliarge  end  of  'he 
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Fig.  IJ9.    Croas-Section  of  Drum  of  Hniarr  Mixer  (troDl  ball  cul  ani)'), 
Sboivlsg  BUtles  aud  Llolug. 


M 
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r  snaQ  John,  tfar  best  iray  to  oprrate  b  to  mcasirr 
Am  hatrh  io  layers  uf  3Q»ie,  jiuhI,  ani  rmmit  respepti\-ely,  and  led 
B>  tfap  trnxET  bj  mra  with  ^hovcla. 

Thew  are  two  ^pray  pipe:*  placed  on  the  mixer;  for  fedin;: 
bv  Emait, one  spcav  oojr  wnnid  bf  uani;  tbe  other  s[»ay  is  intended 
tar  ttw  oniir  when  optvutin^   with   du?  me^uutv  and  feeder,  and  :i 

]nge  amount  of 
water  is  rF(|uim!. 
These  sprays  arc 
opetsled  liy  iian- 
dies  whiebcoum)! 
twi>  gale-valvcs 
atid  R^luli'  liiv 
quantity  of  watii 
flowing  from  llit 
spray  pipes. 

These     mixers 

urp  mode  in  two 

styles,      sectional 

and  non-sec  timnl. 

'nw  set-tioDal  can 

lie  made  either  4, 

*"^^  6.  or  S  feel  long. 

irn'th  of  6.  S,  or   10  feel.      Both  are 

,-    .  \\i  opmtr  Has  mixer,  the  materials 

ffliut  be  nbed  to  ■  pbifraiD.  as  shown  in  Fig.  123. 

Rotary  mixers.  Fig.  124,  gextenlly  consist  of  a  cuUcal  box  made 
(rf steel  and  mouoled  on  a  wooden  frame.  This  steel  box  is  supported 
by  a  hollow  shaft  ihiuugfa  two  diagonally  opposite  comers,  ami  the 
water  is  supplied  through  openiogH  in  the  hollow  shaft.  Materials 
are  dropped  in  at  the  side  of  Uie  mixer,  through  »  hinged  door.  The 
machine  is  th«i  revoh"ed  ie\eral  times,  usually  about  15  times;  the 
door  is  opened;  and  the  concrete  is  dumped  out  into  earis  or  cars. 
There  are  no  paddles  or  blades  of  any  kind  tD.'side  the  box  to  assist 
in  the  mixing.  This  mixer  is  not  expensive  itself,  but  the  erection 
of  the  frame  and  the  hoisting  of  the  stone  and  sand  often  render  it 
less  economical  than  some  of  the  more  expensive  de\Hces. 

Rotating  mixers  which  coniain  reflectors  or  blades,  Fig.  125, 
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are  usually  mounted  on  a  suitable  frame  by  the  manufacturers.  The 
rotating  of  the  drum  tumbles  the  material,  and  it  is  thrown  against 
the  mixing  blades,  which  cut  it  and  throw  it  from  side  to  side.  Many 
of  these  machines  can  be  filled  and  dumped  while  running,  either 
by  tilting  or  by  their  chutes.  Fig.  125  illustrates  the  Smith  mixer, 
and  Fig.  126  pves  a  sectional  view  of  the  drum,  and  shows  the 
arrangement  of  the  blades.     This  mixer -is  fum'shed  on  skids  with 


Fig.  119.    McKelve;  Batcb  Mixer. 

driving  pulley.  The  concrete  is  discharged  by  tilting  the  drum, which 
is  done  by  power. 

Fig.  127  represents  a  Ransome  mixer,  which  is  a  batch  mixer. 
The  concrete  is  discharged  after  it  is  mixed,  without  tilting  the  body 
of  the  mixer.  It  revolves  continuously  even  while  the  concrete  is 
being  discharged.  Riveted  to  the  inside  of  the  drum  are  a  number  of 
steel  scoops  or  blades.  These  scoops  pick  up  the  material  in  the 
bottom  of  the  mixer,  and,  as  the  mixer  revolves,  carry  the  material 
upward  until  it  slides  out  of  the  scoops,  which  therefore  assist  m 
mixing  the  materials. 

Fig,  128  represents  a  McKelvey  batch  mixer.  In  this  mixer,  the 
lever  on  the  drum  operates  the  discharge.  The  dnim  is  fed  and  dis- 
chai^ed  while  in  motion,  and  does  not  change  its  direction  qr  its 
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position  in  either  feeding  or  discharging.  The  itisids  of  the  drum  is 
provided  with  blades  to  assist  in  the  mixing  of  the  concrete. 

Paddle  mbcers  may  be  either  continuous  or  of  the  batch  type. 
Mixing  paddles,  on  two  shafts,  revolve  in  opposite  directions,  ami  the 
concrete  falls  through  a  trap  door  in  the  bottom  of  the  machine.  In 
the  continuous  type  the  materials  should  l>e  put  in  at  tlie  irpper  end 
so  as  to  be  partially  mixed  dry.  The  water  is  supplied  near  ihe 
middle  of  the  mixer.   Fig.  129  represents  a  type  of  the  paddle  mixer. 

333.  Automatic  Measures  for  Concrete  Materials.  Mechanical 
measuring  machines  for  concrete  materials  have  not  l>een  very  ex- 


Plg.  120.    ra.l.ilt  Mixtr. 

tensively  developed.     One  difficulty  is  that  they  require  the  constant 
attention  of  an  attendant,  unless  the  materials  are  perfectly  uniform.    ! 
If  the  machine  is  adjusted  for  sand  with  a  certain  percentage  of 
moisture,  and  then  is  suddenly  suppliwi  with  sand  having  greater 
or  less  moisture,  the  adjustment  must  be  changed  or  the  mixture  ( 
will  not  be  unilorm.     If  the  attendant  does  not  watch  the  condirion 
of  the  materials  very  closely,  tlie  proportions  of  the  ingredients  will  ^ 
vary  greatly  from  what  they  should. 

The  Trump  measuring  device,  shown  in  Fig.  130,  consists  of  k 
horizontal  revolving  table  on  which  rests  the  material  to  be  measured, 
and  a  stationary  knife  set  above  the  table  and  pivoted  on  a  vertical   ' 
shaft  outside  the  circumference.     The  knife  can  Iw  adjusteii  to  extend 
a  proper  distance  into  the  material,  and  to  peel  off,  at  each  revolution  j 
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of  the  table,  a  certain  amoimt,  which  falls  into  the  chute.  The 
material  peeled  otT  is  replaced  from  the  supply  contained  in  a  bottomr 
less  storage  cylinder  somewhat  smaller  in  diameter  than  the  table  and 
revolving  with  it.  The  depth  of  the  cut  of  the  knife  is  adjusted  by 
smnging  the  knife  around  on  its  pivot  so  that  it  extends  u  greater  or 


less  distance  into  the  material.  The  swing  i.s  controlled  by  a  screw 
attached  to  an  arm  cast  as  part  of  the  knife.  A  micrometer  scale, 
with  pointer,  indicates  the  position  of  the  knife.  When  it  is  desired 
to  measure  off  and  mix  three  material.s,  the  machines  are  made  with 
three  tables  set  one  above  the  other  and  mounted  on  the  same  spindle 
30  that  they  revolve  together.  Each  fai>lc  has  its  own  storage 
eyiinder  al>ove  it,  the  cylinders  Ijeing  placed  one  within  the  other,  as 
shown  in  Fig.  131. 
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334.  Source  of  Power.  Id  each  case  the  source  of  power  for 
operating  the  mixer,  conveyors,  hoists,  derricks,  or  cablcways  must  be 
considered.  If  it  is  possible  to  nin  the  machincrv  by  electricily,  it 
is  generally  economical  to  do  so.     But  this  will  depend  a  great  deal 


Fig.  ist.  iDierlor  Vlevf  otTrumpCoiiiTi 
upon  the  local  price  of  electricity.  When  all  the  machinery  can  be  1 
supplied  with  steam  from  one  centrally  located  boiler,  this  arrange*  ] 
mcnt  will  be  found  i>er!iapH  more  efficient. 

In  the  constniclion  of  some  reinforccd-<oncrete  buildings,  a  part  J 
of  the  machinery  was  operated  by  steam  and  part  by  electricity.  In] 
constructing  the  Ingalls  Building,  Cincinnati,  the  machinery  v 
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operated  by  a  gas  en^ne,  electric  motor,  and  a  steam  engine.     The 

mixer  was  generally  run  by  a  motor;  but  by  shifting  the  belt,  it  could 

be  run  by  the  gas  engine.     The  hoisting  was  done  by  a  20-hor5e- 

power  Lidgerwood  engine.     This  engine  was  also  connected  up  to  a 

boom  derrick,  to  hoist  lumber  and  steel.     The  practice  of  operating 

the  machinery  of  one  plant  by  power  from  different  sources,  is  to  be 

questioned;  but  the  practice  of  operating  the 

mixer  by  steam  and  the  hoist  by  electricity 

se^ns  to  be  veiy  common  in  the  construction 

of  buildings.    A  contractor,  before  purchasing 

machinery  for  concrete  work,  should  carefully 

investigate  the  different  sourcesof  power  for 

operating  the  machinery,  not  forgetting   to 

consider  the  local  conditions  as  well  as  general 

conditions. 

335.  Power  for  Mixing  Concrete.  A  ver- 
tical steam  engine  is  generally  used  to  operate 
the  mixer.  The  smaller  sizes  of  engines  and 
mixers  are  mounted  on  the  same  bame;  but 
on  account  of  the  weight,  it  is  necessary  to 
mount  the  larger  sizes  on  separate  frames. 
Pig.  132  shows  a  Ransomedisc  crank  vertical 
engine,  and  Table  XIX  is  taken  from  a  Run- 
some  catalogue  on  concrete  machinery.  These 
engines  are  well-built,  heavy  in  con.struction,  ^^■rin^\v?u"*i'E"  Vi'-'^ 
and  will  stand  hard  work  and  high  speed, 

330.  Gasoline  Engines.  Gasoline  engines  are  usl^l  to  .some 
extent  to  operate  concrete  mixers.  Their  use  so  far  has  been  limited 
chiefly  to  portable  plants  such  as  are  used  for  street  work.  The  fuel 
for  the  gasoline  engine  is  much  easier  moved  from  place  to  place 
than  the  fuel  for  a  steam  engine.  Another  advantage  that  the  gaso- 
line engine  has  over  the  steam  engine  is  that  it  does  not  retpiire  the 
constant  attention  of  an  engineer. 

There  are  two  types  of  engines — the  korhonfal  and  the  vertical. 
The  vertical  engines  occupy  much  less  floor  space  for  a  given  horse- 
power than  the  horizontal.  While  each  type  has  its  advantages  and 
disadvantages,  there  does  not  really  appear  to  lie  any  very  great 
advantage  fo  one  type  over  tlie  other.     Both  types  of  engines  are 
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Tables  off  SfaMS 


TABLE  XX 
of  the  Lambert  Hoisting  Engines 
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n:a\:u.un\  only  a  j>art  of  the  time,  even  though  the  hoist  may  be 
ojvTutt\l    pructk^ally   iH>ntinuously.     From  an  economical  point  of 
view.  iho5^"  iviuliiioas  give  the  electric  motor-driven  hoist  special 
ailvania4>\<.  in  ihat  the  electric  hoist  should  always  be  ready,  but 
usinc  [xnvor  only  when  in  actual  operation  and  then  only  in  propor- 
tion to  the  liKid  handled.    The  ease  with  which  a  motor  is  moved, 
aiul   the  simplicity  of   the  connection   to   the  sennce  supply,  re- 
i|uirini:  only  two  win^  to  l^  connected,  are  also  in  favor  of  the 
oKvirio  moti>r. 

FiiT,  l-^'»  shows  a  motor  made  by  the  Westinghoiise  Electric  & 
Maniifai'iurini:  C\>mjxuiy,  which  is  tlesigned  for  the  ojieration  of 
iranos.  hoists,  or  for  intemiittent  sendee  in  which  heavy  starting 
torxjiu  s  and  a  wulo  sjhhM  variation  are  requireil.  The  frames  are 
o!u  K^st\l  to  piarxl  asrainst  dirt  and  moisture,  but  are  so  designed  tliat 
iho  \\orkii\i:  jxirts  may  l>e  exposeil  for  inspection  or  adjustment 
wit  horn  dismantling.  These  motors  are  series-wound,  and  are 
dosigni\l  for  ojx^niiing  on  dirtxn-cnirrent  circuits.  Tlie  motor  frames 
art^  of  cast  sitvl.  nearly  square  in  section  and  very  compact,  llie 
fran\o  is  built  in  two  jx\rts,  and  so  divided  that  the  upper  half  of  the 
tiold  oan  U*  riMuovt^l  without  disturbing  the  gear  or  shaft,  making  it 
easy  to  lako  t>ut  a  judt^pitve  and  field-coils,  or  to  remove  the  armature. 
Fig.  l.'>7  shows  the  controller  for  this  type  of  motor.  These  con- 
trollers, when  used  for  erane  ser\'ice,  may  he  placed  directly  in  the 
crane  ragt^  ami  ojM^ratixl  l)y  hand,  or  mountwl  on  the  resistance  frames 
outside  the  cagi*,  and  ojH^ratiH^l  by  bell  cranks  and  levers,  so  that  the 
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attendant  may  atanci  closer  to  the  operating  handles  ami  away  from- 
the  contacts  and  resistance. 

Polyphase  induction  motors  are  being  used  to  some  extent  for 
general  hobting  and  derrick  work.  These  motors  may  be  of  the 
two^-phase  or  three-phase  type;  but  the  latter  are  slightly  mtire 
efficient.    These  motors  are  provided  with  resistances  in  the  rotor 


circuit,  and  with  external  contacts  for  varying  the  same.  Two 
capacities  of  resistance  can  be  furnished:  (a)  Intermittent  service, 
zero  to  full  load;  and  (t)  Intermittent  senice,  zero  to  half- 
speed;  and  continuous  service,  half-speed  to  full  speed.  The 
controllers  are  of  the  drum  type,  similar  to  those  used  on  street- 


340.  Hoisting  Lumber  and  Steel.  In  constnieting  large  rein- 
forcetl-concrete  buildings,  usually  a  separate  li(>i.st  is  u.'^'d  to  hoist 
the  steel  and  luml>er  for  the  forms.  This  hoist  may  l>e  injuipix'd 
with  either  an  electric  motor  or  uii  engine,  ilepcmling  ujioii  the  general 
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stoftbrphat.  Thpsrhoists 
air  usaaUr  ot  the  siii^:le-(lruin  Ivpe. 

Ztl.  Hoisti^  Backets.  Inbuilit- 
B^  cofistmetkn,  roocrrte  b  osuallT 
bobml  in  iuitoautic  dumping  bockrts. 
The  bucket  is  desi^^iKd  to  slid^  up  and 
down  a  Uj^ht  framework  of  timber,  as 
sbo«m  in  Fig.  138.  and  to  dump  aulo- 
maticallr  wben  it  reaches  ilie  proper 
place  to  dump.  The  dumping  of  ihe 
buckets  is  accomplished  by  the  bucket 
pitching  forward  at  the  point  where 
the  froot  guide  in  the  hoisting  tower 
is  cut  off.  The  bucket  rights  itself 
again  automatically  as  soon  as  it  be- 
gins to  descend.  Tliesc  buckets  are 
often  used  for  hobltng  saml  and  stone 
as  well  as  concrete.  The  capacity  of 
these  buckets  varies  from  10  cubic  feet 
to  40  cubic  feet.  Fig.  139  shows  a 
Ran.some  bucket  which  has  l*een  sati^ 
factorily  used  for  this  purpose. 

342.  Charging  Mixers.  The  mixers 
are  usually  charged  by  means  of  wheel- 
barrows,  although   other   means    are 


Fig.  I»    DetaUotHotoUiiBTaim. 
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sometimes  used.  Fig.  14()  shows  the  type  of  wheelbarrow  generally 
used  for  this  work.  The  capacity  varies  from  2  cubic  feet  to  4  cubic 
feet,  the  latter  size  being  generally  used,  as  with  good  runways,  a 
man  can  handle  four  cubic  feet  of  stone  or  sand  in  a  well-constructed 
wheelbarrow. 

In  ordinary  massive  concrete  construction,  as  foundations,  piers, 
etc.,  where  it  is  not  necessary  to 
hoist  the  concrete  afteritisraixed, 
the  mixer  is  usually  elevated  so  that 
the  concrete  can  be  discharged 
directly  into  wheelbarrows,  carts, 
cars,  or  a  chute  from  which  the 
wheelbarrows  or  carts  are  filled.  It 
b  much  better  to  discharge  the 
concrete  into  a  receiving  chute  than 
to  discharge  it  directly  into  the 
conveyor.  The  chute  can  be  emp- 
tied while  the  mixer  is  being  chained 
and  rotated;  while,  if  the  concrete 
b  discharged  directly  into  wheel- 
barrows or  carts,  there  must  be  sufhcient  wheelbarrows  or  carts 
v^aiiing  to  receive  the  discharge,  or  the  man  charging  the  mixer  will 
be  idle  while  the  mixer  is  being  discharged,  A  greater  objection  is 
that  if  the  man  in  charge  of  the  mixer  finds  that  the  charging  men  or 


Fig.  140.    -SlerUng"  Conlraclor's  Wheelbamiw. 


conveying  men  are  waiting,  he  is  very  apt  to  discharge  the  concrete 
before  it  b  thorou^ly  mixed,  in  an  elTort  to  keep  all  the  men  busy. 
A  platform  b  built  at  the  elevation  of  the  top  of  the  hopyxr,  through 
vhicb  the  materiab  are  fed  to  the  mixer.  Fig.  141.    This  is  a  rather 
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cxpensTc  operatkin  far  anxing  concrete,  »ad  should  al«-HTs  be  avoided 


Fig.  142  Aawa  >  cfau^ing  elevator  devised  W  the  McKelvej 
\Licfatnery  Companr.  The  bucket  is  raised  and  lowered  Iit  lbesuii« 
engine  bv  which  the  coocrete  is  raised,  and  operated  by  the  same  miin. 
The  capacity  of  the  rharving  bucket  is  the  same  as  that  of  the  mixer. 

In  Fig-  143  is  shown  an  automatic  loading  bucket  which  has  been 
devised  by  the  Koehring  Machine  Company  for  charging  the  mixers 
nude  by  them.     The  bucket  is  operated  by  a  friction  cluk-h,  aud  is 


provided  with  an  automatic  stop.  In  using  either  make  of  these 
charging  buckets,  it  is  necessary  to  use  wheelbarrows  to  charge  the 
buckets,  unless  the  materials  are  close  to  the  mixer. 

343.  Transporting  Concrete.  Concrete  is  usually  transported 
hy  wheelbarrows,  carts,  cars,  or  derricks,  although  other  means  are 
frequently  used.  It  is  essential,  in  handling  or  transporting  con- 
crete, that  care  l>e  taken  to  prevent  the  separation  of  the  stone  from 
the  mortar.  With  a  wet  mixture,  there  is  not  so  much  danger  of  th« 
stone  separating.  Owing  to  the  difference  in  the  time  of  setting  of 
Portland  cement  and  Natural  cement,  the  former  can  be  convej-ed 
much  farther  and  with  less  danger  of  the  initial  setting  taking  place 
before  the  concrete  is  deposited.  Wlien  concrete  is  mixed  by  hand,  I 
wheelbarrows  are  generally  used  to  transport  the  concrete;  and  tb«v  \ 
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are  very  often  used  also  for  transporting  machiae-mixed  concrete. 
The  wheelbarrows  used  are  of  the  same  type  as  shown  in  Fig.  140. 
About  two  cubic  feet  of  wet  concrete  is  the  average  load  for  a  man  to 
handle  in  a  wheelbarrow. 

Fig.  144  shows  a  cart  of  the  Koehring  make,  for  transporting 
concrete.  The 
capacity  of  these 
carts  is  six  cubic 
feet.  One  man  can 
push  or  puil  these 
carts  over  a  plank 
runway.  The  run- 
way consists  of  two 
planks,  each  8  to 
10  inches  wide,  fast- 
ened together  with 
1-inch  by  6-inch 
cross-pieces,  and 
made  in  sections  so 
that  they  can  be 
easily  handled  by 
two  men. 

When  it  is  neces- 
sary to  convey  con- 
crete a  longer  dis- 
tance than  it  is 
economical  to  do  so 
by  wheelbarrows  or 
carts,  a  dumping 
car  run  on  a  track 
is  often  used.  Fig.  Fig-i«8.  ■ 
145  shows  a  steel 
car  for  this  purpose.  The  capacity  of  these  cars  is  from  10  cubic  feet 
to  40  cubic  feet,  and  the  track  gauge  is  from  18  inches  to  36  inches. 
Both  end  and  side  dumping  cars  are  made. 

If  a  large  amount  of  concrete  is  to  l>e  deposited  near  where  it  is 
mixed,  derricks  are  fretjuently  used  to  convey  the  concrete.     A  com- 
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when  a  lai^  building  is  to  be  erected.  The  plant  eaii  be  set  near  the 
site  of  the  building  to  be  erected,  and  the  woodworking  done  there. 
The  machinery  for  such  a  plant  should  consist  of  a  planer  adapted 
for  surfacing  lumber  on  three  sides,  a  rip  saw,  a  crosscut  circular 
saw ;  and  in  some  cases  a  band  saw  can  be  used  to  advantage.  Usually, 
the  difference  in  cost  between  surfaced  and  unsurfaced  lumber  is  so 
small  that  the  lumber  could  not  be  surfaced  in  a  plant  of  this  kind, 
for  the  difference  in  cost;  but  perhaps  it  would  Iw  more  uniform  in 
thickness.  In  such  a 
plant  the  np  saw  and  the 
crosscut  saw  would  be 
found  to  be  the  most 
useful;  and  if  reasonable 
care  is  taken,  this  ma- 
chinery will  soon  pay  for 
itself.  It  is  often  diffi- 
cult to  get  work  done 
at  a  planing  mill  when  it 
is  wanted;  and  if  a  con- 
tractor has  his  own  wood- 
working machinery,  he 
will  be  independent  of 
any  planing  mill.  A 
plant  of  this  kind  can  be  operated  by  a  steam  or  gasoline  engine  or 
an  electnc  motor. 

346.  Plant  for  Ten-Story  Building.  The  plant  used  by  Crump 
&  Company  in  constructing  a  rein  forced-concrete  building  for  the 
Boyertown  Burial  Casket  Company,  Philadelphia,  will  be  described, 
to  show  the  arrangement  of  the  plant  rather  than  the  make  of  the 
machinery  used.  The  building  is  SO  feet  by  120  feet,  and  is  ten 
stories  high;  also,  there  is  a  mezzanine  floor  between  the  first  and 
second  floors.  -This  building  is  structurally  of  reinforced  concrete, 
except  that  the  interior  columns  in  the  lower  floors  were  constructed 
of  angles  and  plates  and  fireproofcd  with  concrete.  The  power  plant 
for  the  building  is  to  be  located  at  a  level  of  alM>ut  seven  feet  below 
the  basement  floor.  The  hoisting  shaft  is  built  in  the  elevator  shaft 
located  in  the  rear  of  the  building.  The  hoisting  tower  is  constructed 
of  four  4  by  4-inch  comer-posts,  and  well  braced  with  2  by  6-inch 
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pkuik.  Two  guides  are  placed  on  opposite  sides;  also  one  mi  the 
fitHii,  Fifi-  1-16-  1'he  front  guide  was  made  in  lengths  e<|Uiil  to  iLe 
hei^l  of  different  floors  of  ihe  building.  Fig.  14<5  shows  the  l«xratio[i 
of  aU  the  machinery,  all  of  u-faich  is  of  the  Ransome  make.  The  con- 
Crete  was  dischai^^  directly  from  the  mixer  into  the  bucket,  whicb 
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rested  at  the  bottom  of  the  eleviitor  shaft.  At  the  elevation  where  it 
was  desirable  tn  dump  the  concrete,  the  front  slide  was  taken  out, 
and  the  concrete  was  diiinjiefJ  automatically  by  the  bucket  tipping 
forward.     The  bucket  rights  itself  ii.s  soon  as  it  be^ns  to  descejid. 

The  capacity  of  the  mixer  and  hoisting  bucket  per  batch,  was  20 
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cubic  feet.  A  9  by  9-inch,  20-horse-power  vertical  engine  was  used 
to  mix  and  hoist  the  concrete,  steel,  structural  steel  for  columns,  and 
lumber  for  the  forms.  A  30-horse-power  boiler  was  used  to  supply 
the  steam,  which  was  located  several  feet  from  the  engine,  and  is  not 
shown  in  the  plan  view  of  the  plant.  A  Ransome  friction  crab  hoist 
was  used  to  hoist  the  concrete,  and  was  connected  to  the  engine 
by  a  sprocket-wheel  and  chain.  The  steel  and  lumber  were  hoisted 
by  means  of  a  rope,  wrapped  three  or  four  times  around  a 
winch-head  which  was  on  the  same  shaft  as  the  mixer.  The  rope 
extended  vertically  up  from  the  pulley,  through  a  small  hole  in  the 
floors,  to  a  small  pulley  at  the  height  required  to  hoist  the  lumber  or 
steel;  and  then  it  extended  horizontally  to  another  pulley  at  the 
place  where  the  material  was  to  be  hoisted.  The  rope  descends  over 
the  pulley  to  the  ground.  A  man  was  stationed  at  the  engine  to 
operate  the  rope.  There  were  two  rope-haulages  operated  from  the 
pulley  on  the  engine  shaft,  one  being  used  at  a  time.  On  being  given 
the  signal,  the  operator  wrapped  the  rope  around  the  winch-head 
three  or  four  times,  kept  it  in  place,  and  took  tare  of  the  rope  that 
ran  off  the  pulley  as  material  was  being  hoisted. 

WTieelbarrows  were  used  in  charging  the  mixer,  and  hand-carts 
were  used  in  distributing  the  concrete.  The  runways  were  made  by 
securely  fastening  two  2  by  10-inch  planks  together  in  sections  of 
12  feet  to  16  feet,  which  were  handled  by  two  men.  By  keeping  the 
runway  in  good  condition,  two  men  were  generally  able  to  distribute 
the  concrete,  except  on  the  lower  floors,  and  when  it  was  to  be  trans- 
ported the  full  length  of  the  building.  The  capacity  of  the  carts  was 
6  cubic  feet  each.  Concrete  for  the  ninth  floor  was  hoisted  and 
placed  at  the  rate  of  15  cubic  yards  per  hour. 

347.  Plant  for  the  Locust  Realty  Com pany  Building.  The  plan  t 
used  for  constructing  a  five-story  reinforced-concrete  building,  117 
feet  by  200  feet,  for  the  Locust  Realty  Company,  by  Moore  &  Com- 
pany, Inc.,  is  a  good  example  of  a  centrally  located  plant.  Near  the 
center  ot  *he  building  is  an  elevator  shaft,  in  which  was  constructed 
the  framework  for  hoisting  the  concrete.  Fig.  147  shows  the  arrange- 
ment of  the  plant,  which  is  located  in  the  basement  and  near  the 
center  of  the  building.  The  mixer  is  located  so  that  the  concrete  can 
be  dumped  directly  into  the  hoisting  bucket.  The  chute  for  re- 
ceiving the  materials  being  about  18  inches  above  the  basement  floor. 
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it  was  therefore  necessary  to  wheel  the  materiak  up  an  incline.  An 
excavation  was  made  below  the  level  of  the  baaement  floor  for  the 
hoisting  bucket.  The  mixing  was  do&e  by  a  steam  engine  located  on 
the  same  frame  as  the  mixer.  The  concrete  was  hoisted  by  a  hoisting 
engine  which  was  located  about  twenty  feet  from  the  shaft.  A 
small  hoisting  engine  was  also  used  for  hoisting  the  sted  and  lumber 
used  for  forms;  as  this  engine  was  located  some  distance  from  the 
rest  of  the  plant,  it  is  not  ^own  in  Fig.  147.  The  three  engines  are 
supplied  with  steam  from  a  portable  boiler  ^rfiich  is  located  as 
shown  in  the  figure.     T^e  efficiency  of  this  plant  was  shown  in  the 

mixing  and  hoisting  of  the  con- 
crete for  the  second  floor,  when 
240  cuIhc  yards  were  mixed  and 
hoisted  in  16  houn,  or  at  an  aver- 
age rate  of  one  cubic  yaid  iii  four 
minutes. 

All  materials  were  ddivered 
at  the  front  of  the  building;  and 
therefore  it  was  necesaaiy  to 
transport  the  cement,  sand,  and 
stone  about  100  feet  to  the  mixer. 
This  was  done  by  means  of  wheel- 
barrows  especially ,  designed  and 
made  for  Moore  &  Company^Inc-v 
the  capacity  being  four  cubic  feet.  The  concrete  was  a  1:2:4  mix, 
and  was  mixed  in  batches  of  14  cubic  feet.  The  materials  for  a 
batch,  therefore,  consisted  of  2  l)ags  of  cement,  1  wheelbarrow  of 
sand,  and  2  wheelbarrows  of  stone. 

The  lumber  for  the  forms  was  l}-inch  plank,  except  the  support 
and  braces.  Details  of  the  forms  will  be  given  and  discussed  under 
the  heading  of  **F()nns." 

348.  Concrete  Plant  for  Street  Worlc.  A  self-propelling  mixing 
and  spreading  machine  has  been  found  very  desirable  for  laying  con- 
crete base  for  street  pavements.  Fig.  148  illustrates  a  plant  of  this 
kind,  which  has  been  devised  by  the  Municipal  Engineering  &  Om- 
tracting  Company.  One  of  thest»  machines  was  very  successfully 
used  in  Buffalo,  N.  Y.,  in  1907. 

The  mixer  is  of  the  improved  cube  type,  mounted  on  a  heavy 
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Fig.  147.    Concrete  Plant  for  Locust  Realty 
Company  Building. 
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truck  frame.  The  con- 
crete is  discharged  into 
a  specially  designed 
bucket,  which  receives 
the  whole  batch  and 
traveb  to  (he  rear  on  a 
truck  which  is  about  25 
feet  long.  The  head  of 
the  truck  is  supported 
by  guys,  and  also  by  a 
pair  of  small  wheels  near 
the  middle  of  the  truck, 
which  rest  on  the  graded 
surface  of  the  street. 
The  truck  or  boom  is 
pivoted  at  the  end  con- 
nected to  the  main  truck, 
and  has  a  horizontal 
swing  of  about  170  de- 
grees, so  that  a  street  50 
feet  wide  is  covered.  An 
inclined  track  is  also  con- 
structed, on  which  a 
bucket  is  operated  for 
elevating  and  charging 
the  mixer.  The  bucket 
is  loaded  while  resting 
on  the  ground,  with  the 
proper  ingredients  for  a 
hatch,  from  the  materials 
that  have  been  distribu- 
ted in  piles  along  the 
street.  The  bucket  is 
then  pulled  up  the  in- 
cline, and  the  contents 
dumped  into  the  mixer. 
An  automatic  water- 
measuring   supply    tank 
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mounted  on  the  upper  part  of  the  frame  insures  u  unifonn  axiiouii» 
of  wafer  for  each  balcli  mixed.     The  power  for  hoisting,  mixing,  andl 
distributing  the  concrete,  and  propelling  the  machine,  was  fumistied'J 
by  a  1  (i-horse-powcr  gasoline  engine  of  the  automobile  type, 
machine  can  l)e  moved  backward  as  well  as  forward,  and  issuppliai 
with  complete  steering  gear. 

The  capacity  per  charge  of  the  mixer  and  chaining  and  distrib 
uting  buckets  used  at  Buffalo,  was  11  cubic  feet.  The  crew  con- 
sisted of  10  men  and  a  foreman,  and  they  mixed  and  laid  from  IIQ^ 
to  120  cubic  yards  i)er  hour.     Their  Iiest  record  was  1,000  cubic  y 


in  an  eiplil-lionr  day.     Tlie  thickness  of  the  concrete  Im.sc  laii 
6  imhes. 

349,     Concrete  Block  Machines.     There  are  two  genenil  ty 
of  hollow  concrete  block  machines  on  the  market — those  with 
ivt/iVo/  face  and   those  with  a  horizoniai  face.      In  making  blocks 
with  the  vertical-faced  machine,  the  fai-e  of  (he  block  is  in  a  vertical 
position  when  moulded,  and  is  simply  lifted  from  the  machine  on  its 
basfvphite.     The  horizontal- faced  (or  face-down)  block  is  mad< 
the  face  down,  the  face-plate  forming  ihe  l«ottom  of  the  mould, 
cores  are  withdrawn  horizontally,  or  the  mould  is  turned  over  and 
core  is  taken  out  vertically;  the  block  is  then  ready  for  t^moval. 
principal  difference  in  the  two  t>-pes  of  machine,  is  that,  if  it  is  dc' 
lo  put  a  special  facing  on  rhe  bWk.  it  is  more  convenient  to  do  it 
tt   horizon .nt-fa«-<l  machine.     With  the  vertical-faced  machine, 
siKTiai  fncmg  is  put  on  by  the  use  of  a  |«irting  plate.     When  the 
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ing  plate  is  removed,  the  two  mixtures  of  concrete  are  bonded  together 
hy  tamping  the  coarser  material  into  the  facing  mixture. 

Fig.  149  shows  a  Hercules  machine.  The  foundation  parts  can 
be  attached  for  making  any  length  of  block  up  to  6  feet.  The  illus- 
tration shows  two  moulds  of  different  lengths  attached.  These 
machines  are  constructed  of  iron  and  steel,  except  that  the  pallets 
(the  plates  on  which  the  blocks  are  taken  from  the  machine)  may  be 
either  wood  or  steel.  This  type  of  machine  is  the  horizontal  or  face- 
down machine. 

Another  machine  of  the  face-down  t^-pe  is  shown  in  Fig,  150. 
Thb  machine,  the  Ideal,  is  sim- 
ple in  construction  and  opera- 
tion; they  are  portable,  which 
makes  them  convenient  to  oper- 
ate. In  making  blocks  with  this 
machine,  the  cores  are  removed 
by  means  of  a  lever,  while  the 
block  is  in  the  position  in  which 
it  was  made.  The  mould  and 
block  are  then  turned  over,  and 
the  face-  and  end-plates  are  re- 
leased, and  the  block  removed  on 
the  pallet. 

In  Fig.  151  are  shown  a  group 
of  the  various  forms  which  may  be  made.     The  figure  also  illustrates 
the  facility  with  which  concrete  may  be  utilized  for  omitmental  as 
well  as  structural  purposes. 

Cement  Brick  Machines.  Fig.  152  shows  a  machine  for  making 
cement  brick.  Ten  bricks,  2g  by  ^  by  S  inches,  are  made  at 
one  operation.  By  using  a  machine  in  which  the  bricks  are  made 
on  the  side,  a  wetter  mixture  of  concrete  can  l»e  used  than  if  they  are 
made  on  the  edge.  The  concrete  usually  consists  of  a  mixture  of  1 
part  Portland  Cement  and  4  parts  sand.  The  curing  of  these  bricks 
is  the  same  as  thai  for  concrete  blocks.  In  making  these  bricks,  a 
number  of  wooden  pallets  are  required,  as  the  brick  should  not  be 
removed  from  the  pallet  until  the  concrete  has  set. 

350.  Sand  Washing.  It  becomes  necessary  sometimes  to  wash 
dirty  sand  when  clean  sand  can  be  secured  only  at  a  high  cost,  while 
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the  dirty  sand  can  be  easily  obtained.  If  only  a  snmll  (juanlity  is  I 
be  washed,  it  may  be  done  with  a  hose.  A  trough  should  be  btiii 
about  S  feet  wide  and  15  feet  long,  the  Imttom  having  a  slope  of 
about  19  inches  in  its  entire  length.  The  side  should  lie  alwiit  S 
inches  high  at  the  lower  end,  and  increase  gradually  fo  a  height  of 
about  36  inches  at  the  upper  end.  In  the  lower  end  of  the  trou;^ 
should  l>e  a  gate  alwut  G  inches  high,  sliding  in  guides  so  that  ii 
be  easily  removed.     The  sand  is  placed  in   the  upper  end  of  I 
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trough,  and  n  stream  of  water  is  played  on  it.     The  .sand  ami 
flow  down  the  trough,  and  the  dirt  passes  over  the  gate  with  the^l 
overflow  water.     With  a  trough  of  the  above  dimensions.  an<i  a  stream 
of  water  from  a  J-inch  hose,  three  cubic  yards  of  sand  should  be^ 
washed  in  an  hour. 

Concrete  mixers  are  often  used  for  washing  sand.  The  sand  is 
dumped  into  the  mixer  in  the  usual  manner,  and  the  water  is  turned 
on.  Wien  the  mixer  is  filled  with  water  so  that  it  overflows  at  the 
discharge  end,  the  mixer  is  started.  By  revolving  the  mixer,  the 
water  is  able  to  separate  the  dirt  from  the  .sand,  and  it  is  carried  ofl^ 
by  the  overflow  of  water.  Wien  the  water  runs  clear,  the  washing 
is  completed,  and  the  sand  is  dumped  in  the  usual  way. 

\Yhen  large  quantities  of  .sjuid  iire  required  to  I>e  wa.shcd.  specilj!] 
machinery  for  that  purpose  should  be  employed. 
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FORMS 

351.    General  Requirements.    In  actual  construction  work,  the 

oost  of  forms  is  a  large  item  of  expense  and  offers  the  best  field  for  the 

c^xen'isc*  of  ingenuity.     For  economical  work,  the  design  shouki  consist 

€jf  a  n*petition  of  identical  units;  and  the  forms  shouki  be  so  devised 

that  it  will  requirt*  a  minimum  of  nailing  to  hold  them,  and  of  lalx)r 

to  make  and  handle  them.     Forms  are  constructed  of  the  cheaper 

grades  of  lumber.    To  secure  a  smooth  surface,  the  planks  are  planed 

on  the  side  on  which  the  concrete  will  be  placed.     Green  luml)er  is 

preferable  to  dry,  as  it  is  less  affected  by  wet  concrete.     If  the  surface 

of  the  planks  that  is  placed  next  to  the  concrete  is  well  oiled,  the 

planks  can  be  taken  down  much  easier,  and,  if  they  are  kept  from  the 

sun,  can  be  used  several  times. 

Cnide  oil  is  an  excellent  and  cheap  material  for  greasinj:  forms, 
and  can  be  applied  with  a  white- 
wash brush.  The  oil  should  be 
applied  every  time  the  fonns  are 
used.  The  object  is  to  fill  the  pores 
of  the  wood,  rather  than  to  cover 
it  with  a  film  of  grease.  Thin  soft- 
soap,  or  a  paste  made  from  soap 
and  water,  is  also  sometimes  used. 

In   constructing    a    factory 

building  of  two  or  three   stories,    pi^  isg     •century" cement  Brick  Machine. 

usually  the  same  set  of  fonns  are 

used  for  the  different  floors;  but  when  the  building  is  more  than  four 
stories  high,  two  or  more  sets  of  forms  are  specified,  so  as  always  to 
have  one  set  of  forms  ready  to  move. 

The  forms  should  be  so  tight  as  to  prevent  the  water  and  thin 
mortar  from  running  through,  and  thus  carrying  off  the  cement. 
This  is  accomplished  by  means  of  tongued-and-grooved  or  beveled- 
*  edge  boards  (Fig.  153) ;  but  it  is  often  possible  to  use  square  lumber 
if  it  is  thoroughly  wet  so  as  to  swell  it  before  the  concrete  is  placed. 
The  beveled-edge  boards  are  often  preferred  to  tongued-and-grooved 
boards,  as  the  edges  tend  to  crush  as  the  boards  swell,  and  beveling 
prevents  buckling. 

Lumber  for  forms  may  l)e  made  of  1-inch,  l^-inch,  or  2-inch 
plank.     The  spacing  of  studs  depends  in  part  upon  the  thickness  of 
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-.ni"»''t*  T  "-^  -:i;o«ir*v-;.  i-n:  iz«  c  "in^  litarkzierfi*  •*{  the  lioards  on 
xT.4*!i  iitf  -"ni-Ti^Tf  i?  iia*i-r-:.  Tit*  saf  :c  *:»  ^raidinp  depends  upon 
iif  ii**;ri*  r  ~-»'  "'^i.I  li'*-  "^  i-miiiriT  -.c  rcia^iz^z  tised.  Except  in 
"r^  ir:i—  r  ii:r:  Tr.Tj2r.  J.  '^  *-iiri  r  -1  tt  ^VJach  5fud>  are  used. 
7  r  'friina.—  i  t^r^  T~-a  ~-nri  Ttsi.ik  "it-  srrc*>rt5  sfaould  be  placed 
i'«t:-    i   ^»---    !::».''     vii    I^-m-i  ::ta-r'c    Arc-cit  3  foei  apart;  and 

TTif  fairn  t'  imt?  :7»:fur*-i  5.c  .-•-CLL'rr-K-  iv>  fri  depends  upon  the 
x'^-jfr  ne  --nisjoffn:;-  c  "nif  .'.  cirr^f^v.  jjai  ihe  strain  which  is  to 
•irre  r  -.  Ii  ^••i  :, — nir  ■•»f»'ri«fr.  jlzmi  ?<*•  -nprv  li^ht  work,  it  is 
r"H«i  7»  ss^'*Mf  '^*  -raii;*--  ne  5:c3ii>  3  I-  v-  24  hours  after  placing  the 
-  iri"^-.-  f  ~Hfr-  i^  n:  ^•:a«i  riiofi  :g  :t.  TSse  setting  of  concrete  is 
,r*^"  ;■  ':v-aj*:j:'i  :-  .-.Mi  r  ▼^■i  -wv^ibfT.  Fords  fcw  concrete  aiches 
Aji:  rtr-ATT^  ti  :>*  w  *?•?*  n  riao*  jc;i?fr  i^ad  in  wall  work,  liecause  of 
ti*f  yiff^r^t      -    ii!    : — lt»~l^  jic^-ts?  rbe  arri  or  beam.     In  small, 

carular  airhes.  like  sewers, 
ihe  Wms  mav  be  removed 
Ee    is    to  24   hours  if  the 

>-«  ^   T  oj^i*-*.**.  *ir.--«: 5-u;p,       '      ««cfeie  b  mixcd  dry;  but 

:f  'a^'t  coDcnrte  is  used,  m  24 

--    •x   *, ,  -v.     y  .^.>   '  i*  'a.'^?f  jLT-j-r.  vur»>rr:5  and  airh  bridges  are 

>?.       1-     J  V--    -.    \~    -  r-rs^  -rr^r.  I*  ii-  -:  aix:  ;:  i>  often  sperifitd  that 

■*      "".--:  T«.  :   >   >:''.i:  V  *.r  ^  :ji.->  i::<fr  riioin^  ihe  last  concrete. 

^ .  . .  ^.  ,.   -:^  ^  ^  .,  „^      i;  - . .  ,r    :•:  r..^^ :  :7^  «.■  •!  sii :  f>.  ^!  T\l  ers .  a  ml  !  lea  ms , 

^  ^       }  crm>  T,x  vokMmxs.     Ir  ;•  c.-TrjciiTvc  v^^lunins,  the  forms 

-*^«     ^  '        :  >r  "  • .    •.-.:••::•    :,>  •,:.]  bti^.:  of  iheixJunin>;aiid  con- 

^  ■      -    ">       .*  ■-    '    -.T  :>   :.:»      rSr   v\>r>civ:e  must  he  niixeil  verv 

■'■^      •-"  '  '    *  -^- "■-•:•/.    ^:'^.  :h.^T\v:^/.Y  at  the  Unti>m,  ami  care 

'     *"      *    ^•v:      -    :  :     : >:.^:-   :V  >:rt^-;.     S^^)etimes  the  forms  are 

•'""■•*'        -     •:  stv  •    :>./.:..:  :':x  vVCVTvieis  ]>lacnfdand  nimmt^l 

•-     »    '  -*   -  :.-^     . .    •       "^r..:  j-k;>  .  f  :St  U^:u\m  of  tht*  fonns  for  the 

^  -  :. -^  .    »,   .x-:-.>  .^-\    .:>;.:.■/.  >  ::^Tx^r:^^:  bv  i}io  in^Ujnin  fonn^.      To 

^   V  •.    X  t  .:v.  ;\.^   :,-  :>.;   .v-vr  .-:  :he  i>^lunin>,  a  trianpilar  strip 

.  C  *"-f  :  V  ,  A  V  -S;  .or/.r..v-r.  wi\.  or  .^wk*  mixlitx^ation  of  it,  of 
v\v>  -  V  -  •  "-v.  '  T  ..:::>  Fht  isank  may  W  1  inch,  1  \  inches. 
.N-  .     \  \^  •     ,  K    :.'.,-;  :Sf  .  »«\'5i:s  a^!^  iisiially  1  by  4  inches  and  2  bv  4 
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inches. '  The  spacing  of  the  cleats  depends  on  ihe  size  of  the  columns 
and  the  thickness  of  the  vertical  plank. 

Fig,  15iB  shows  column  forms  similar  to  those  iis('<l  inronstnict- 
ing  the  Har- 
vard stadium. 
The  planks 
forming  each 
side    of   the 
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column  arc 
fastened  to- 
pe t  her  l)\' 
cleats,  and 
then  the  four 
sides  are  fast- 
ened together 
by  slotted 
cleats  and 
steel  tie-rods. 
These  forms 
can  be  quickly 
and  easily  re- 
moved. 

Fig.  15.-. 
shows  a  col- 
umn form  in 
which  con- 
crete is  placed 
and  ramme<l 
as  the  form  is 
constructetl. 
Three  side.s 
are  erected  to 

the  full  height,  and  the  steel  is  then  placed.    The  fotirtli  side  is  Iniilt 
up  with  horizontal  iMtards  a.s  Ihe  concR-te  is  phiced  and  rammed. 

Round  columns  are  often  desirable  for  the  intcri<ir  columns  of 
buildings.  Fig.  156  shows  a  form  that  ha.s  ln-en  used  for  ihis  type 
of  coFumn.  The  columns  for  which  the.se  forms  were  u.wd  were  20 
inches  in  diameter,  and  had  a  star-shaixd  core  made  of  stnictural 
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steel.     The  forms  for  each  column  were  made  in  two  parts  and  bolted 

together.     The  sides  were  made  of  2  by  3-inch  plank  surfaced  on  all 

four  sides,  beveled  on  two,  and  held  in  place  by 
the  steel  bands,  which  were  J  by  2  J  inches  and 
spaced  about  2 J  feet  apart.  One  screw  in  the 
outer  plank  at  each  band  of  both  parts,  to- 
gether with  a  few  intermediate  screws,  held  the 
plank  in  place.  The  building  for  which  these 
forms  were  made  was  ten  stories  in  height. 
Enough  forms  were  provided  for  two  stories, 
which  was  sufficient,  as  they  could  l)e  removed 
when  the  concrete  had  been  in  place  one  week. 
I/ater  these  same  forms  were  used  in  construct- 
ing the  interior  columns  of  a  six-story  building. 
Some  difficulty  was  experienced  in  removing 
these  fonns,  owing  to  the  concrete  sticking  to 
the  plank.  But  had  these  forms  been  made  in 
four  sections,  instead  of  two,  and  well  oiled,  it  is 
thought  that  this  trouble  would  have  l>een 
avoided.  Columns  constructed  with  forms  as 
shown  in  Fig.  156  will  not  have  a  round  sur- 
face, hut  will  consist  of  many  flat  surfaces, 
2}  inches  wide.     If  a  perfectly  round  column 

is  desired,  it  will  he  necessary  to  cut  the  surface  of  the  plank  next  to 

the   concrete    to   the   desired    radius. 

Forms  for  octa<::onal  columns  can  l)e 

made  in  a  somewhat  similar  manner  to 

these  just  descrilx'd. 

o.")3.     Forms  for  Beams  and  Slabs. 

A  very  common  stvle  of  form  for  l)eam 

and  slab  construction  is  shown  in  Fig. 

1.j7.     The  size  of  the  (lilV(M*cnt  niem- 

l)ers  of  the  forms   (le|x*n(ls   upon    the 

size  of  the  l>canis,  the  thickness  of  the 

slabs,  and  the  relative  spacing  of  some 

of  the  memlx^rs.     If  the  lx*am  is  10  hy 

,,.x  .      I  I  ^1        1    I    •     4  •      1        ^1  •   i'        Fijr.  156.    Form  for  Round  Column. 

J()mcnes,an(i  the  slab  is  4  inches  thick, 

then    1-inch   plank  supported  by  2  by  O-inch  timbers  spaced  2  feet 


Fig.  155.    Form  for 
Column. 
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apart,  will  support  the  slab.  The  sides  and  bottom  of  the  l)eanis 
are  enclosed  by  IJ-inch  or  2-inch  plank  supported  by  3  by  4-inch 
posts  spaced  4  feet  apart. 

In  Fig.  158  are  shown  the  fonns  for  a  reinforced-concrete  slab, 
with  I-beam  construction.  These  forms  are  constnicted  similarly 
to  thase  just  desc*ril)ed. 

A  slab  construction  supported  on  I-lK'anis,  the  bottom  of  which 


Fig.  157.    Forms  for  Beams  auU  Slabs. 

is  not  covered  with  concrete,  may  have  forms  constructed  as  shown 
in  Fig.  159.  This  method  of  constructing  fonns  was  designed  by 
by  Mr.  William  F.  Keams  (Taylor  and  Thompson,  "Plain  and  Rein- 
forced Concrete**). 

l^he  construction  of  forms  for  a  slab  that  is  supported  on  the  top 


Fig.  158.    Forms  for  Relnforced-Concrete  Slab  Supported  by  I- Beams. 

of  I-l)cams  is  a  comparatively  simple  pr(x*ess,  as  shown  in  Fig.  KK). 
In  any  form  of  I-beam  and  slab  construction,  the  forms  can  Ix*  con- 
structed to  carry  the  combined  weight  of  the  concrete  and  fonns. 
When  the  lx>ttom  of  the  I-l)eam  is  to  Ix^  covered  with  concrt»te,  it  is 
not  so  easily  done  as  when  the  haunch  rests  on  the  lK)tt()m  flange 
(Fig.  159)  or'^is  a  flat  plate  (Fig.  100). 

354.  Forms  for  Locust  Realty  Company  Building.  The  forms 
used  in  constructing  the  building  for  the  Ixx^ust  Realty  Company  (the 
mixing  plant  has  already  l)een  descril^ed),  present  one  rather  unusual 
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feaiure.  The  lumber  for  the  slabs,  beams,  girders,  and  eolumns  wis 
all  ihe  >;ame  thickness.  1}  inches.  Fig.  161  shows  the  detaiboftbe 
fomis  for  the  beams  ami  slabs.  The  beams  are  spaced  about  6  (eel 
apart.and  are8byl6  inches; 
the  slab  is  4  inches  thick.  A 
notch  is  cut  into  the  1  br 
■  6-inch  strip  on  the  side  irf 
the  beams,  to  support  the  2 
by  4-inch  strip  under  Ihe 
plank  which  supports  the 
concrete  for  the  slab.  The 
posts  supporting  the  foims 
are  3J  by  3Hnch,  and  are 
braced  by  two  1  by  6-inch 
boards  spaced  about  3  leet 
apart,  and  extending  in  the 
direction  of  the  beams. 

Fiu.  lax    Form  rurKhior-SUboD  l-BiTaus,  i-.-        .,..1     >  ,1      r 

rig,  162  shows  the  foims 
for  iht'  colnniiis.  'I'lie  planks  for  each  side  of  the  column  are  held 
together  by  the  1  by  4-iiich  strip,  and,  when  erected  in  place,  att 
damped  by  the  2  by  -l-inch  strip.  A  large  opening  is  left  at  the 
l>t)ttoni  of  each  column.  si>  that 
all  .shavinjpi  and  sawdust  can  be 
rfUiove<i,  Tins  o[>ening  is  closed 
just   Ix'fore  the  concrete   i.s  de- 

3.M.  Cost  of  Forms  for 
Buildings.  An  analysis  of  the  cost 
of  fomis  for  an  eight-story  build- 
ing is  given  by  U.  F,.  I.amb  (fW- 
criii-  Eii'jinirrinij.  Peccmber, 
UK)7).  Till-  lia.si.i  of  his  estimate 
is  made  on  using  ;-ineh  by  6-inch 
t()l^gue(^^^nll-gr(x^ve<i  lnml«T  f<)r 
.slab  funiis;  1  J-inclulressed  [>lank 
for  the  sides  and  tK)ttoni  of  llie 

l>eiiins  and  jii'"'!^'''^!  I»>'''''  -^  ''y  4-inoli  siMioed  6  feet  center  to  center; 
and  on  the  fact  that  it  cost  S2n.(Kt  jht  ihousiind  feet  of  lumber  to  makx 
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and  set  one  floor 
of  fonns;  that  it 
cost  $15.00  per 
thousand  feet  to 
strip  the  forms 
and  reset  them 
on  the  next  floor; 
and  that  it  cost 
about  S8.00  per 
thousand  feet  to 
strip  the  forms 
and  lower  them 
to  the  ground. 

With  the 
size  of  the  beams 
and  girders  as 
shown  in  Fig, 
163,  Mr.  Lamb 
states  that  it  will 
take  an  average 
of  4  feet,  board 
measure,  to  erect 
each  aiuare  foot 
of  floor  arta.llie 
basis  of  his  esti- 
mate is  as  fol- 
lows: that  l..> 
board  feet  of 
lumber  per 
s(|uare  f(»t  of 
floor  is  required 
for  the  slab;  that 
for  every  sciuare 
foot  of  beam  sur- 
face, including 
the  bottom,  3.2 
\)oan{  feet  per 
square  foot  is  re- 


i|inD)'  UulldlDK. 


304 


MASONRY  AND  REINFORCED  CONCRETE 


*0 


a"«M* 


I 
I'm 

i5! 
I 


h- 


»>/«' 


~1 

v.! 

I 


quired;  and  that  for  each  square  foot  of  girder,  including  the  bottom, 
3.6  board  feet  of  lumber  is  required.  Taking  these  figures,  for  the 
panel  shown,  the  slab  will  require  1.5  board  feet  per  square  foot;  the 
beams,  which  are  8  bv  18-inch,  will  have  3  feet  8  inches  of  surface 

per  linear  foot;  and  multipKing 
this  by  3.2  board  feet  per  square 
foot,  and  dividing  by  7.5  feet,  the 
distance  center  to  center  of 
beams,  we  find  that  1.56  lx>ard 
feet  per  square  foot  of  floor  sur- 
fac*e  is  required.  Taking  the 
girder  in  the  same  way,  with  4 
feet  8  inches  of  surface,  multi- 
plied by  3.6  board  feet,  and 
divided  by  18  feet,  the  distance 
center  to  center  of  girders,  we  find 
that  .94  board  foot  per  sc|uare  foot  of  floor  is  required.  The  total 
of  the  lumber  required,  then,  is  1.5  board  feet  for  the  slab,  1.56 
board  feet  for  the  beam,  and  .94  board  foot  for  the  girders — a  total 
of  4  board  feet  per  square  foot  of  floor  area. 

In  this  estimate    for  an  eight-story  building,  three  sets  of  fornii: 
were  used: 


^ 


/8-0' 


Pig.  163.    Diagram  of  Forms. 


Roof:     Stripping  the  sixth  floor,  resetting,  altering  to  form  valleys,  and 

finally  stripping  roof  and  lowering  forms  to  ground,  4  board  feet 

at  2.0  cents 
Eighth  Floor:     Stripping  the  fifth  floor,  resetting, and  finally  stripping 

and  lowering  forms  to  ground,  4  board  feet  at  2.3  cents 
Seventh  Floor:     Stripping    the    fourth    floor,    resetting,    and    finally 

stripping  and  lowering  forms  to  ground,  4  board  feet  at  2.3  cents 
Sixth  Floor:     Cost,  same  as  for  the  fourth  floor 
Fifth  Floor:     Cost,  same  as  for  the  fourth  floor 
Fourth  Floor:     Stripping  the  first  floor,  and  resetting,  4  board  feet 

at  1.5  cents 
Third  Floor:     Cost,  same  as  for  the  first  floor 
Second  Floor:     Cost,  same  as  for  the  first  floor 
First  Floor:     Making  and  setting  forms,  4  board  feet  at 

2  cents  S.080 

Material,  4  board  feet  at  2.0  cents  .  KM 


S    .101 

.  01>2 

.0!>2 
.000 
.000 

.000 
.1.S4 
.1S4 


.  1S4 
9  )  1.020 
$  .113 


.Vveragc  cost  per  sfjuare  foot  of  surface 

To  this  average  cost  of  1 1.3  cents,  10  jx*r  cent  should  Ik?  added  for 
waste,  breakage,  nails,  etc.;  and  if  two  sets  of  forms  are  used,  the 
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third  floor  would  cost  6  cents  per  square  foot,  and  the  seventh  floor 
6  cents,  giving  an  average  of  9.6  cents  per  square  foot. 

In  estimating  the  cost  of  the  forms  for  the  columns,  it  is  assumed 
that  making  and  placing  the  forms  for  the  basement  columns  will  cost 
about  $26.00  per  thousand;  the  cost  of  stripping  and  resetting, 
$16.00  per  thousand;  and  3.1  square  feet  of  lumber  is  required  for 
each  square  foot  of  column  surface. 

Eighth  Story:  Stripping  sixth  story,  resetting  and  altering,  finally 
stripping  eighth  story,  and  lowering  to  ground  3.1  board  feet  at 
2.2   cents  $.008 

SevB7tth  Story:    Stripping  fifth  story,  resetting,  and  finally  stripping 

and  lowering  to  ground  3.1  board  feet  at  1  9  cents  .059 

Sixth  Story:    Cost,  same  as  second  story  .050 

P^ifth  Story:    Cost,  same  as  second  story  .050 

Fourth  Story:    Cost,  same  as  second  story  .050 

Third  Story:    Cost,  same  as  second  story  .050 

Second  Story:    Stripping  basement  columns  and  resetting  3.1  board 

feet  at  1.6  cents  .050 

First  Story:    Cost,  same  as  for  the  basement  columns  .  102 

Basement:    Material,  3.1  board  feet  at  2.0  cents  $.081 

Making  and  set  ting  3. 1  board  feet  at  2.0  cents  .081 

. 162  162 

9J^701 

Average  cost  |)er  square  foot  of  surface  $.077 

To  this  average  cost  of  7.7  cents  per  square  foot  of  column  surface, 
should  be  added  10  per  cent  for  bolts,  nails,  waste,  etc.  If  three  sets 
of  forms  are  required,  the  second-story  cost  would  be  16.2  cents,  and 
the  sixth  story  5.9  cents,  giving  the  average  cost  per  square  foot,  of 
9.1  cents. 

The  student  should  remember  that  this  luml>er  has  a  value 
after  it  has  been  removed  from  the  building,  and  that  this  value 
should  be  deducted  from  the  total  cost  of  the  forms,  to  find  the  actual 
cost  of  forms. 

356.  Cost  of  Forms  for  Garage.  Some  interesting  cost  data  are 
given  by  Mr.  Reygondeau  de  Gratresse,  Assoc.  M.  Am.  Soc.  C.  E. 
(Engineering-Contracting,  October  30,  1907),  on  the  cost  of  forms 
used  in  erecting  a  reinforced-concrete  garage  in  Philadelphia  during 
the  summer  of  1907.  The  building  was  53  feet  wide,  200  feet  long, 
and  four  stories  high;  also  there  was  a  mezzanine  floor.  Tongued- 
and-grooved  luml)er  |  inch  thick  was  used  for  the  slab  forms,  and 
12-inch  plank  for  the  beams  and  girders. 
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3i«ni.:«aie.  of  nem*  lumlxr  was 
•rf  old  lumber  was  used, 
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tLsed  for  the  1J40 
per  cubic  vsltA  of 


Nifv  iiraur  ■¥ier^  ^uaiif  5}r  ifaca  lloor.  eaci^t  the  sides  of  the 
,crnK^.  -r-iic!i  "¥»?;■?  liafi  jvisr  Sir  each  ftx>r.  where  the  sizes  would 
niEiir  jt  "Hi:?  >f»inr  icne.  T!ie  Dn?i»  oniier  the  sniiders  were  allowed 
-;:  :7»maji  n  -juMfe  •fiiT-'ii;£Jiiiiit  :fxe  btiifcihig  until  the  entire  job  was 
-Tinnie^ifi.  Tje  5:iTm?  5:r  riif  :«»f  were  made  entiielr  of  the  material 
i^*-:  :ii  -ne  i'«r^  V*i:w.  Tlie  area  of  concrete  covered  bv  the  new 
*im  :er  t  Lf  i2cr:xima:et7  SOjXV  ^qtare  feet.     This  gives  a  cost  for 


A  5  r-  t  f  f'rft'!!  :a.rr*!i':»ri  voriinji:  under  one  foreman,  framed, 
-r**!."--^:.  iz«:  "  c*?  iii'vt:  all  fonrj^w  Laborers  handletl  all  the  lumber 
-*.  r  :]ie  :u.rT*-r."r?7^.  -fx^j^c :  when  thev  were  at  work  mixing  and  placing 
:•  ci::*f:e.  Tz.*f  :  c^^'.tr  w:l5  pBLsd  $^>  per  week,  while  the  carpenters 
w*?r*  ruji  ir.  i-^rxjy^  ••:  $4.4*>  for  am  ^^-hour  day.  Laix>rers  were 
rit:-:  17  c^cti  zer  bx:r.  in*!  worked  a  ItMiour  dav.  Over  the  laborers 
wi^  i  i.T^CLs:!  wb>  rweiveii  the  same  wages  as  the  boss  carpenter. 
Tr.e  fonns  f.-r  a  i»r  were  erected  in  from  8  to  10  days.  For  the 
fr^niinz.  en?i:t:r^.  an«i  tearing  down  of  the  forms,  the  labor  cost  was 
arji^ai  :?^>.4^»,  which  dves  a  cost  of  $2  per  cubic  yanl.  For  the 
carn.-in2  and  handlin^r  «»f  the  lumlier,  the  cost  was  aix>ut  $1,914, 
which  jr^>'>  a  ctrst  of  $1.10  per  cubic  j-ard.  This  gives  a  total  cost 
per  rubif  varrl  of  fomis  as  folh»ws: 


I/.:r:.Ur,  12»)  ft.  H.  M. 

rrriniinc,  en-ctinir.  and  tcarinjj  down 

Handling  lunih«-r 

Total 


Per  Cu.  Yd. 
$2 .  IK) 
2.00 
1.10 

"$<r.oo 


824 


MASONRY  AND  REINFORCED  CONCRETE 


307 


This  cost  is  high,  owing  to  the  fact  that  so  little  of  the  lumber 
was  used  a  second  time,  there  being  only  from  16  to  20  per  cent  so 
used.  For  the  220,000  feet,  board  measure,  of  lumber  used  on  the  job, 
the  average  cost  per  thousand  for  the  forms  was : 

Per  M. 
Lumber  $23.00 

Framing,  erecting,  and  tearing  down  15.67 

Handling  lumber  8 .  70 

Total  $477:^7 

The  cost  j)er  scjuare  foot  of  concrete  for  the  area  covered  by  forms 
was: 

Lumber  $0,064 

Labor  0.057 

Total  $0,121 

Tlie  cost  j)er  cubic  yard  for  lumber  and  lal>or  was : 

Lumber  $2.90 

La  be  r  on  forms  3 .  10 

~$(r.00 

It  should  be  remembered  that  the  luml)er  used  in  the  forms 


•OK) 


2-4-J6 — 


3    C 


Q 


h*i-  H 


in 


■^ 


Fig.  164.    Adjustable  Clamp. 

had  a  salvage  value,  for  which  no  allowance  is  made  in  the  al)ove  $2.00. 

357.  An  Adjustable  Clamp.  Fig.  104  illustrates  an  adjustable 
clamp  for  holding  forms  together.  It  is  commonly  used  to  hold  the 
plank  forming  the  sjdes  of  a  beam  or  girder  in  place;  it  is  used  also 
in  clamping  the  opposite  sides  of  columns.  It  is  forged  from  a  1 1- 
inch  by  ^-inch  steel  bar,  and  is  held  in  place  by  the  slotted  forging, 
1  inch  scjuare,  by  driving  it  tight. 

358.  Forms  for  Conduits  and  Sewers.  Forms  for  conduits  and 
sewers  must  be  strong  enough  not  to  give  way,  or  to  become  deformed, 
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The  Blaw  collapsible  steel  centenng  is  in  general  use  for  s 


< 


,.>■.. 


and  conduit  conslniction. ' 
centering  consists  of  one  or 
more  steel  plules  about  |  inch 
thick  and  bent  to  the  shape 
n-(|uired  by  the  interior  of  the  J 
e  constructed, 

1  shape  ' 


r  to  bee 


-  held 

l\'hen  set  i 


(S-'V-"-'* ' 

:«.'-."-."-<'.'--'-'.-'>-.-2> 

m^ 

:-ir.;.\t::.-.;-.ri:-.;-.;-; 

:»■;■.••.!-.• 

-■  ■■->;.•■.■"  >:  •:  •:■!>  ;■-• » 
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position,  the  sections  arc  held 
rigid  by  meansof  tumbuckles, 
which  also  facilitate  the  col- 
liipsing  of  the  sections.     The 
adjacent  sections  are  held  to- 
gether bv  staples  and  wedges, 
the  former  being  ri\-eted  to  the 
plates.     The  sections  are  usu- 
ally made  five  feet  long,  and  in 
any  desired  shape  or  size  re-  . 
([iiired    for   sewer  or  conduit  | 
work.      When  these  forms  area 
used     to    construct    concrete 
sewers  or  conduits,  the  surface 
of    the    forms    must    be    well 
coated  with  grease  or  soap  to  j 
prevent  the  concrete  from  ad-l 
hering  to  the  steel. 

.361.     Forms  for  Walls.  I 
The  forms  for  concrete  walls  | 
lid  lie  built  strong  enou^l 
that  they  will  retain  their  I 
■orrect  position  while  ihecon-J 
crele  is  lieing  placed  and  ram- 
med.    In   high,  thin  walls,  a 
great  deal  of  care  is  required 
to  keep  the  forms  in  place  i 
that  the  wall  will  be  true  i 
straight. 
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Fig.  168  shows  a  very  common  method  of  constructing  these 

forms.    The  plank  against  which  the  concrete  is  placed  is  seldom 

less  than  1 J  inches  thick,  and  is  usually  2  inches  thick.     One-inch 

plank  is  sometimes  used  for  very  thin  walls;  but  even  then,  the 

supports  must  l)e  placed  close.    The  planks  are  generally  surfaced 

on   the  side  against  which   the  concrete  is  placed.     The  vertical 

timbers  that  hold  the  plank  in  place  will  vary  in  size  from  2  inches 

by  4  inches  to  4  inches  ^by  6  inches,  or  even  larger,  depending  on  the 

thickness  of  the  wall,  spacing  of  these  vertical  timbers,  etc.     The 

vertical  timbers  are  always  placed  in  pairs,  and  are  held  in  place 

usually  by  means  of  bolts,  except  for  thin  walls,  when  heavy  wire 

is  often  used.     If  the  bolts  are  greased  before  the  concrete  is  placed, 

there   is  usually  not  much  trouble  experienced  in  removing  them. 

Some  contractors  place  the  bolts  in  short  pieces  of  pipe,  the  diameter 

of  the  pipe  being  about   J  inch  greater  than  that  of  the  bolt,  and 

the  length  ecjual  to  the  thickness  of  the  wall.      When  the  bolts  are 

removed,  the  holes  are  filled  with  mortar. 

CENTERS  FOR  ARCHES 

362.  The  centers  for  stone,  plain  concrete,  and  reinforced- 
concrete  arches  are  constnicted  in  a  similar  manner.  A  reinforced- 
concrete  arch  of  the  same  span  and  designed  for  the  same  loading, 
Tivall  not  be  so  heavy  as  a  plain  concrete  or  stone  arch,  and  the  centers 
need  not  be  constructed  so  strong  as  for  the  other  tj'pes  of  arches. 
One  essential  difference  in  the  centering  for  stone  arches  and  that  for 
concrete  or  reinforced-concrete  arches,  is  that  centering  for  the  latter 
tj-pes  of  arches  ser\^es  as  a  mould  for  shaping  the  soffit  of  the  arch- 
ring,  the  face  of  the  arch-ring,  and  the  spandrel  walls. 

The  successful  construction  of  arches  depends  nearly  as  much 
on  the  centers  and  their  supports  as  it  does  on  the  design  of  the  arch. 
The  centers  should  be  as  well  constructed  and  the  supports  as  un- 
yielding as  it  is  possible  to  make  them.  AMien  it  is  necessary  to  use 
piles,  they  should  be  as  well  driven  as  permanent  foundation  piles, 
and  the  load  should  not  generally  be  heavier  than  that  on  permanent 
piles. 

363.  Classes  of  Centers.  There  are  two  general  classes  of 
centers — those  which  act  as  a  truss;  and  those  in  which  the  support, 
at  the  intersection  of  braces,  rests  on  a  pile  or  footing.    Trusses  are 
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used  when  it  is  necessary  to  span  a  stream  or  roadway.  Sometimes 
the  length  of  the  span  for  the  centering  is  very  short,  or  there  area 
series  of  short  spans,  or  the  span  may  be  equal  to  that  of  the  arch. 
The  trusses  must  be  carefully  designed,  so  that  the  deflection  and 
deformation  due  to  the  changes  in  the  loading  will  be  reduced  to  a 
minimum.  By  placing  a  temporary  load  on  the  centers  at  the  cro^ii, 
the  deformation  during  construction  may  be  very  greatly  reduced. 
This  load  is  removed  as  the  weight  of  the  arches  comes  on  the  centers. 
For  the  design  of  trusses,  the  reader  is  referred  to  instruction  papers 
or  other  treatises  on  Bridge  Engineering  and  Roof  Trusses. 

The  lagging  for  concrete  arches  usually  consists  of  2  by  3-inch 
or  2  by  4-inch  plank,  either  set  on  edge  or  laid  flat,  depending  on 
the  thickness  of  the  arch  and  spacing  of  the  supports.    The  surface 
on  which  the  concrete  is  laid  is  usually  surfaced  on  the  side  on  which 
the  concrete  is  to  be  placed.    The  lagging  is  very  often  supported 
on  ribs  constructed  of  2  by  12-inch  plank,  on  the  back  of  which  is 

placed  a  2-inch  plank  cut  to  a 
cur\'e  pafallel  with  the  intrados. 
These  2  by  12-inch  planks  are  set 
on  the  timber  used  to  cap  the 
piles,  and  are  usually  spaced 
alx)ut  2  feet  apart.  All  the  sup- 
jwrts  should  be  well  braced.  The 
centers  should  be  constructed  to 
•  give  a  camber  to  the  arch  about 
equal  to  the  deflection  of  the 
arch  when  under  full  load.  It  is 
therefore  necessary  to  make  an 
allowance  for  the  settlement  of 
centering,  for  the  deflection  of  the  arch  after  the  removal  of  the  center- 
ing, and  for  permanent  camber. 

The  centers  should  \ye  constructed  so  that  they  can  be  easily 
taken  down.  To  facilitate  the  striking  of  centers,  they  are  usually 
supported  on  folding  wedges  or  sand-boxes.  VtTien  the  latter  method 
is  used,  the  sand  should  be  fine,  clean,  and  perfectly  dry,  and  the 
boxes  should  be  sealed  around  the  plunger  with  cement  mortar. 
Striking  forms  by  means  of  wedges  is  the  commoner  method.  In 
Fig.  100,  a  shows  the  type  of  wedges  generally  used,  although  some- 


Flp.  160.    Wedpres  Used  In  Placing  and 
Il^raoving  Forms. 
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TABLE  XXI* 
Sana  Low]   In  PoudcIb  UDlformly  Distributed  for  Rectangular  Beams, 

One  Inch  Tbick,  Lons-Leaf  Vellow  Pine 
AUowablr  llhnt  s'.rMR.  1.300  pounda  per  square  inch:  factor  ol  nfnt>-.  n:  mmluliu  of 

nlpluro.  7.200  pounda  per  oiuuejnch. 
SateliHuU  Iiir  iilhcr  torloni  iit  RatPty  may  be  ohialnml  lut  tolloWH:      Ni^w  untr  Inad  - 
Safe  load  trom  taliln  X  ^ 


-    Sl-Al 


I      " 


,200 

l,o:f3 

2,133 

<Mai 

i,:h)7 

1,7«7 

SIN) 

1,089 

1,422 

fiUrt 

!),'{:{ 

1,219 

WXl 

817 

1,()67 

.M.1 

72G 

948 

4m 

653 

853 

400 

544 

711 

:m;{ 

4G7 

filO 

:«M) 

408 

5;t3 

?r.7 

303 

474 

V4I) 

327 

427 

21K 

2!)7 

3H8 

xno 

272 

350 

tS.i 

2oI 

328 

171 

233 

305 

IIM 

218 

284 

3,333 
2,007 
2,222 
1,'J05 
1,667 


n,o33 
5,227 
4,350 
3,733 
3,267 
2,904 
2,013 
2,178 
1,867 
1,033 
1,452 
1,307 


1..,,...-. 

l« 

.:»-,.■.  «NT 

.20 

.31 

.44 

.01 

.79 

;j,793 

1. 00 

3,413 

2,844 

1.78 

2.42 

2,133 

3.10 

l,Xi*« 

4.00 

1,707 

4.94 

1,5«2 

5.98 

1,422 

7.12 

1,313 

8.35 

1,219 

9. OS 

1.138 

To  flnd  the  safe  load  (or  beams  o(  hemlock  from  the  aboi-e  table,  the  above 
TahiM  must  be  divided  by  3;  for  beams  of  short'leal  yellow  pine  and  white  osk.  the 
Taluea  must  be  divided  by  l.ai  tor  whlM  pine,  spruce,  aastern  Dr.  nod  chestnut,  the 
T»IuM  moat  be  divided  by  l.Tl. 

times  three  wedges  are  use<!,  as  sliown  by  b  in  tlie  same  figure.  Tliey 
are  from  one  to  two  feet  long,  6  to  8  im-Iies  wide,  and  have  a  slope  of 
from  1  to  6  to  1  to  10.  The  centering  ia  lowered  by  driving  back  the 
wedges;  and  to  do  this  slowly,  it  is  necessary  that  the  wedges  have  a 
verj'  sli^t  taper.  All  wedges  should  be  driven  equally  when  tlie 
centering  is  being  lowered.  The  wedges  should  be  made  of  hard- 
wood, and  are  placed  on  top  of  the  vertical  supports  or  on  timlxTs 
which  rest  on  the  supports.  The  wedges  are  placed  at  about  the 
.same  elevation  as  the  springing  line  of  the  arrh. 

Tables  XXI  and  XXII  can  be  used  to  assist  in  the  design  of  the 
different  members  of  the  centers  for  urrhes. 

3fi4.    Safe  Stresses  in  Lumber  for  Wooden  Forms.    In  Tnlile 
XXI  are  given  the  safe  loads  which  may  be  placcil  on  N-aiiis  of  lung. 
leaf  yellow  pine,  of  various  depths,  on  various  spans. 
•VTom  HkHllMXik  ot  the  Cambria  Steel  Company. 


314 


MASOXRY  AXD  REINFORCED  CONCRETE 


TABLE  XXII  * 
Stresstii  of  Solid  Woodeo  Coltmins  of  Different  iUnds  of  Timber 


DornLA."^ 

i                              1 
SorTHERX,  Loxo-f 

Northern  or  Short- 

OkEOON'    AXD 

Leaf  ob  Geoboia 

1 
1 

Leaf  Yellow  1'ine, 

W  AABiyOTOX 

Y  HXOwPixE.  Ca- 

! White  Oak 

Red  Pine.    Norway 

White  Pin 

\  r.LLOw  Fi« 

nadian  (Otta  wa) 
White  Pine,  (Os- 

1 

Pine,  Spruce.  East- 

OB Pine 

' 

ern  Fir.  Hemlock 

tauo)  Red  Fixe 

1 

0,000 

5,000 

•        4,500 

i 

4,000 

3,500 

1 

4 

r>>7ri 

4,897 

4,407 

3,918 

3,428 

a 

,i,7:iy 

4,782 

4,304 

3,826 

3,347 

s 

3,566 

4.638 

4,174 

3,710 

3,247 

10 

5.368 

■           4,474 

4,026 

3,579 

3,132 

12 

•        5,156 

4,297 

3,867 

3,438 

3,008 

14 

4,937 

4,114 

3,703 

3,291 

2,880 

U\ 

4,716 

3,930 

3,537 

3,144 

2,751 

IS 

4.49S 

3,748 

3,373 

2,998 

2,624 

!»<> 

4,1\S6 

!           3,571 

3,214 

2,857 

2,500 

'J'J 

4.0N2 

3,402 

3,061 

2,721 

2,"381 

'Ji\ 

3,703 

3,086 

2,777 

2,469 

2,160 

:io 

3.306 

2,805 

2,524 

2,244 

1,963 

:it\ 

2.934 

2,445 

2,200 

1,956 

1.711 

40 

2.090 

2,241 

2,017 

1,793 

1.569 

:>o 

2,203 

1,835 

1,652 

1,468 

1,285 

To  tiud  the  Ittad  that  a  wooden  column  will  support  per  square  inch  of  sectional 
area,  from  the  above  table,  the  lenf^th  of  the  column  in  inches  is  divided  by  the  least  diam- 
eter of  the  column,  and  the  result  is  the  ratio  of  length  to  diameter  of  the  column.  From 
this  ratio  is  found  the  ultimate  strength  ];>er  square  inch  of  section  of  a  column  of  any 
kind  of  wood  given  in  the  table.  A  factor  of  safety  of  5  should  be  used  in  finding  the  sixe 
of  column  re<iuired;  that  is,  the  working  load  should  not  be  greater  than  one-flfth  of  the 
values  given  in  the  table. 

The  values  given  in  Table  XXI  are  the  safe  loads  in  pounds 
nniformly  distributed,  exclusive  of  the  weight  of  the  beam  itself,  for 
nctangular  l)eams  one  inch  thick.  The  safe  load  for  a  l)eam  of  any 
thickn(  ss  may  Ik*  found  by  multiplying  the  values  given  in  the  tables 
1»V  iho  thickness  of  the  In^am  in  inches.  From  the  Last  column,  the 
dcdrction  may  Ik*  ol>taincd,  corresponding  to  the  given  sfMin  and 
safe  load,  by  dividing  the  coefficient  by  the  depth  of  the  l)eam  in 
inches,  which  will  give  approximately  the  deflection  in  inches. 

30').  ?Jx(imphe.  If  a  beam  is  required  to  support  a  uniformly  dis- 
tributed load  of  4,000  i)ounds  on  a  span  of  10  feet,  what  would  be  the  dimensions 
of  tlie  beam  of  long-leaf  yellow  pine,  and  what  would  be  the  deflection? 

Solution.  Following  the  line  for  beams  of  10-foot  span,  it  is 
found  that  a  beam  8  inches  deep  and  5  inches  wide  (853  X  5  =  4,265) 

*From  Handbook  of  the  Cambria  Steel  Company. 
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would  support  the  load  of  4,000  pounds,  and  the  deflection  would  be 
1.24  -r-  8  =  .10  inch.  A  second  solution  would  l)e  to  use  a  l)eam  12 
inches  deep  and  2  inches  wide  (1,920  X  2  =  3,840);  but  according 
to  the  table,  this  l)eain  would  not  l)e  quite  stronfj  enough,  as  it  would 
only  support  a  load  of  3,840  pounds. 

366.  Safe  Loads  on  Wooden  Columns.  The  values  given  in 
Table  XXII  are  based  on  the  formula: 

P  =  F  V  —1^--^  Li^- 

700  +  i.V  +  r=' 

in  which, 

P  =  Ultimate  strength  of  timber  in  pounds  per  square  inch; 
F  =  Ultimate  crushing  strength  of  timber; 
I  =  Length  of  column,  in  inches; 
d  =  Least  diameter,  in  inches; 

'^  1- 

Example.  If  a  column  10  feet  long  is  required  to  support  a  load  of 
20,000  pounds,  what  would  be  the  size  of  the  cohnnn  requin^d  if  short-leaf 
yellow  pine  was  used? 

Soluiion.  Dividing  the  length  of  the  beam  in  inches  by  the  as- 
sumed least  diameter,  6  inches,  we  have  120  ^  6  =  20,  which  gives 
the  ratio  of  the  length  to  the  diameter.  By  the  tabic  it  is  shown  that 
2,857  pounds  is  the  ultimate  strength  for  a  column  of  short-leaf  pine, 
when  I  -T-  d  =  20.  Assuming  a  factor  of  safety  of  5,  and  dividing 
2,857  by  5,  the  working  load  is  found  to  be  571  per  scjuare  inch. 
Dividing  20,000  by  571,  it  is  found  that  a  column  whose  area  is  35 
square  inches  is  required  to  support  the  load.  The  square  root  of 
35  is  5.9.  Therefore  a  column  of  short-leaf  yellow  pine  0  inches 
square  will  support  the  load. 

367.  Form  for  Arch  at  175th  Street,  New  York.  In  constnicting 
the  175th  Street  Arch  in  New  York  Citv,  the  fonns  were  built  so 
that  they  could  l)e  easily  moved.  The  arch  is  elliptical  and  is  built 
of  hard-burned  brick  and  faced  with  gnmite.  The  span  of  the  arch 
is  66  feet;  the  rise  is  20  feet ;  the  thickness  of  the  arch-ring  is  40  inches 
and  48  inches  at  the  crown  and  springing  line,  respectively;  and  the 
arch  is  built  on  a  9-degree  skew.  The  total  length  of  this  arch  is 
800  feet. 

This  arch  is  constnicted  in  sections,  the  centering  lx»ing  su})- 
ported  on  11  tnisses  placed  perpendicular  to  thi^*  axis  of  the  arch  and 
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having  the  form  and  (Umen^ons  shonii  in  Fig.  170.  The  Imsaa 
•re  phcrd  o  feet  <»  centers,  and  are  supported  at  the  ends  aod 
middle  hj  three  lines  of  12  hy  12-inch  yellow  pine  caps.  The  caps 
are  supported  by  12  by  12-iDch  posts  spaced  Bve  feet  center  tocenter, 
and  re5t  on  timber  sUs  on  concrete  foundations.  The  upper  and 
li'ivf  r  r-honi  members  of  the  tnisses  are  of  long-leaf  yellow  fnne,  ImiI  the 
•liaeon^b  and  \'ertirals  are  of  short-leaf  yellow  pine.  Tlie  Itt^ng 
b  -I  by  r>-ineh  loi^-leaf  yellow  pine  plank.  The  connections  of  the 
timbers  are  made  by  means  of  J-inch  steel  plates  and  J-inch  holts 
artaiiged  a?  showTi  in  the  illustration.  As  it  was  absohitely  necessarj 
lo  have  ihe  fonns  alike,  so  that  they  couhl  l>e  mov«l  along  the  nreh 
and  at  all  limes  fit  the  brickwork,  they  were  built  on  tlie  ground  from 


Tie-  ITO.    Arch  Csnters  al  IWih  Strwt.  New  York  City. 

llic  sjinie  [uHtem,  and  hoisted  to  (heir  place  by  two  guye<J  derricks 
with  TlUfoot  IxKiniH, 

On  the  12  by  12-incli  cap  was  a  3  by  8-inch  timber,  on  which  the 
ilniible  wedges  were  placed,  ^\'hen  it  was  necessary  to  move  the 
forms,  the  wedges  were  removed,  the  forms  rested  on  the  rollers,  an<l 
there  was  then  a-  clearance  of  about  2i  inches  between  the  brick- 
work and  the  lagging.  The  timber  on  which  the  rollers  ran  was 
fa^'cd  with  a  steel  plate  J  inch  by  4  inches.  The  forms  were  mo\-ed 
forwiinl  by  means  of  ihe  derricks.  The  settlement  of  the  forms 
under  the  first  stx^tion  constructed  was  i  inch;  and  the  settlement 
c)f  the  arch-ring  of  that  section  after  the  removal  of  forms,  was  J  inch.* 

•EninnrerinB  Rraifd.  Octoljer  5.  1907. 
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36S.  Forms  for  Bridge  at  Canal  Dover,  Ohio.*  Ilie  details  of 
(he  centering  used  in  erecting  one  of  die  IflO-foot  S-inch  spans  of  u 
rein  forced-concrete  liri<ige  over  the  Tuscarawas  River  at  Canal 
Dover,  Ohio,  are  shown  in  Figs.  171a  and  I71i.  Besides  this  span,  the 
bridge  consisted  of  two  other  spans  of  100  feet  8  inches  each,  and  a 
canal  span  of  70  feet.    The  centering  for  the  canal  span  was  built 


Fig.  ni  a.    Centers  tor  Bridge  at  Canal  Dover, 


in  six  bents,  each  bent  having  seven  piles.  A  clear  waterway  of  18 
feet  was  required  in  the  canal  span  by  the  State  Canal  Commissioner, 
and  this  passage  was  arranged  under  the  center  of  the  arc'h.     The 


piles  were  driven  by  i 
by  12-in(li  tinilier. 
Plank  2  inches  thick 
were  sawed  lo  the  | 
correct  curvature, 
and  nailed  to  the  2 
by  12-inch  joists, 
which  were  spaced 
about  12  inches 
ai>art.  The  laj^jjing 
was  one  inch  thick, 
and  was  nailed  to 
the   curved    plank. 


of  a  scow.    The  cap  for  the  piles  was  a  3 


Fig.  1T1  ft.    Corners  fur  Brldgo. 


The  wedges  were  made  and  used  as  shown.  The  centering  was 
constantly  checked;  this  was  found  important  after  a  strong  wind. 
The  centering  for  the  other  two  of  the  main  arches  was  constnicli-d 
similarly  to  that  of  the  arch  shown. 

After  some  difficiilly  had  Wen  exjx'ricnced  in  keeping  the  forms 
in  place  during  the  concreting  of  the  first  urch,  the  colKTCtl^  ft>r  lIlC 
'        'enginccTinu  Rceiirl.  reliniwy !),  H»7, 
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other  aR*hes  was  placed  as  shown  in  Fig.  172,  and  no  diificuhy  was 
encountered.  Sections  1  and  1  were  first  placed,  then  2  and  2, 
finishing  with  section  6. 

The  concreting  on  the  canal  span  was  begun  November  1,  and 
finished  November  12;  and  the  forms  were  lowered  by  means  of  the 
wedges  five  weeks  later.  The  deflection  at  the  crown  was  0.5  inch, 
and  after  the  spandrt»l  walls  were  built  and  the  fill  made,  there  was 
an  additional  deflection  of  0.4  inch.  In  building  the  fomis.  an 
allowance  of  j^  ,\„-  jnirt  of  the  span  was  made,  to  allow  for  thisdeflec- 


Fig.  172.    Diagram  of  Order  of  Placing  Concrete  In  Bridge  at  Canal  Dover,  Ohia 

tion.     '^riie  deflections  at   the  crown  of  the  other  three  arches  were 
().()  inch,  1.4r)  inches,  and  1.34  inches. 

BENDING  OR  TRUSSING  BARS 

3()0.     Bending  Details.    The  full  bending  details  of  the  bars 
•sliould  be  made  iH'fore  the  reinforcing  steel  is  ordered  for  anv  rein- 
forccdHoiKTctc  work  that  is  to    l)e  constructed.      It  has  been  the 
conniion  practice  for  contractors  to  make  these  details,  if  thevare 
made;  and  tlicy  may  or  may  not  submit  them  to  the  designing  archi- 
tects  or   cii<j:iiurrs    for  their  approval.      Very  often   the   plans    or 
sjH'cifuations  do  not  state  how  long  the  bars  art*  to  l)e,  or  even  state 
what  lap  of  the  bars  is  re(|uired;  or  they  may  not  be  very  definite  in 
the  number  of  bars  to  U'  turned  up  in  the  beams  and  girders.     If 
aix'hitects  and  engineers  would  make  these  details  and  submit  them 
with  their  general  drawings,  the  contractors  could  then  make  a  verv 
definite  estimate  on  the  amount  of  steel  required  for  the  work,  and 
these  details  should  also  assist  the  contractor  in  estimating  the  cost 
of  the  l)ending  of  the  bars.     With  the  assistance  of  these  details  lx> 
iiig  made  very  definite^  it  should  not  only  assist  the  contractor  in 
making  his  bid  on  the  work,  but  would  often  result  in  l)etter  work 
i)eing  done. 

The  angle  at  wliicli  tlie  diagonal  bars  are  turned  up,  varies  from 
about  10  degrees  to  4.")  d(»gre(\s,  and  sometimes  to  a  greater  angle  than 
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45  degrees.  A  great  deal  depends  upon  the  length  and  depth  of  the 
beam  or  girder.  If  the  beam  is  very  short  and  deep,  the  bars  are 
usually  turned  up  at  an  angle  of  alx)ut  45  degrees,  or  j)erhaps  a  little 
greater;  but  if  the  beam  is  long  and  shallow,  the  angle  at  which  these 
liars  are  turned  is  very  small.  This  angle,  in  the  averages  practice, 
is  al)out  30  degrees. 

The  bending  of  the  bars  is  usually  a  simple  matter,  and  generally 
can  \ye  easily  and  rjuickly  d(me.     If  l)ends  of  30  degrees  or  moR% 


Fig.  173.    Plan  of  Bending  Table. 

with  short  radii,  are  required  of  large  bars — 1  inch  to  1  \  inches 
sc|uaR' — it  is  usually  necessary  to  heat  the  bars.  This  makes  the 
bending  more  exj>ensive,  as  it  retjuires  the  use  of  forges  and  black- 
smiths to  do  the  work. 

370.  Tables  for  Bending  Bars.  The  usual  outfit  for  l)ending  the 
bars  cold  consists  of  a  strong  table,  a  vise,  and  a  lever  with  two  short 
prongs.  The  outline  to  which  the  bar  is  to  be  bent  is  laid  out  on  the 
table,  and  holes  are  l)ored  at  the  point  where  the  Ix^nds  am  to  lx» 
made.  Steel  plugs  5  inches  to  6  inches  long  are  then  placed  in  these 
holes.  Short  pieces  of  boards  are  nailed  to  the  table  where  necessiiry, 
to  hold  the  bar  in  place  while  l)eing  l)ent.  The  bar  is  then  placed  in 
the  j)osition  A-B,  Fig.  173,  and  bent  around  the  plugs  C  and  1),  and 
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Pig.  174.    Lever  Hender. 

then  around  the  plugs  E  and  F,  until  the  ends  KII  and  F(i  are 
parallel  to  AB.  When  bends  with  a  short  radius  are  required,  the 
Imrs  are  placed  in  the  vise,  near  the  point  where  the  bend  is  wanted, 
and  the  end  of  the  bar  is  pulled  around  until  the  RH|iiire(l  angle  is 
secured.  The  vise  is  usually  fastened  to  the  table.  '^Fhc  lever 
shown  in  Fig.  174  is  also  used  in  making  lx»nds  of  short  radii.     This  is 
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Fig.  175.    The  Hunt  Bender. 


done  by  placing  the  bar  between  the  prongs  and  pulling  the  end  of 
the  lever  around  until  the  required  shape  is  secured. 

371.    The  Hunt  Bender.    '^Fhe   bar-bending  device  shown  in 
Fig.  175 ^was  devised  by  Mr.  R.  S.  Hunt,  C  E.,  and  has  been  used 

by  him  to  bend  If 
inch  bars.  In  bend- 
ing bars  of  thi^  size, 
it  is  not  necessarv 
to  heat  them;  and 
the  size  of  bars  that 
can  be  shaped  by 
this  bender  depends 
largely  on  the  proportions  of  the  materials  of  which  the  bender  is 
constructed. 

In  constructing  this  device,  a  timber  10  inches  by  10  inches  and 
about  10  feet  long  is  supported  on  posts  and  well  braced,  the  top  of 
the  timber  being  about .3  feet  high.     A  2  by  4-inch  plank  is  spiked 
on  one  edge  of  the  10  by  10-inch  timber,  the  smaller  timber  extending 
to  within  12  inches  of  the  end  of  the  larger,  as  shown  in  the  figure. 
On  the  edge  of  the  2  by  4-inch  timber,  is  fastened  a  j-inch  by  2-inch 
steel  strap,  which  is  the  same  length  as  the  timber  to  which  it  is 
fastened.     Opposite  the  end  of  the  timber,  and  3  inches  from  the 
timber,  is  a  steel  pin  1^  inches  in  diameter.     The  lever  is  usually 
about  31  feet  long,  and  made  as  shown  in  the  figure. 

To  l)end  a  bar  with  this  device,  the  bar  is  placed  against  the  steel 


Fig.  176.    Bending  Detail  of  Bars  for  a  Beam  or  Girder. 

strap  with  the  point  of  the  bar  at  which  the  bend  is  to  he  made 
opposite  the  steel  pin.  The  lever  is  hooked  on  the  pin,  while  being 
hold  at  right  angles  to  the  bar  to  Ik*  lx»nt.  The  hig  on  tlic  lever 
rests  against  the  bar;  and  bv  moving  the  lever  towards  the  end  of  tlie 
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timber^  the  required  bend  is  given  to  the  bar.  For  smaller  sizes  of 
bars,  a  washer  should  be  placed  over  the  pin  so  as  to  Reduce  the  sjxice 
between  the  pin  and  the  bar  to  Ire  hent. 

372.  Beams  and  Girders.  Fig.  176  shows  the  l)ending  details 
of  the  bars  for  a  beam  or  girder  in  which  six  bars  are  required  for  the 
reinforcement   three  of  which  are   turned  up,  one  at  a  distance  of  3 


Fig.  177.    Bars  with  Hooked  Ends. 

feet,  and  two  at  a  distance  of  4  J  feet  from  the  center  of  the  span.  The 
light  lines  indicate  the  depth  of  the  beam,  including  the  thickness  of 
the  slab;  the  vertical  dash-and-dot  lines,  the  center  of  the  supports  of 
the  beam;  and  the  heavy  full  lines,  the  bars. 

When  plain  bars  are  used  for  reinforced  concrete,  architects  and 
engineers  very  of  ten  ^ 
require    that      the  1 
ends  of  all  the  bars 
in    the  beams  and 

»:.^^««     «k«ll    U«  Fig.  178.    Slab  Bars. 

girders    shall  be 

hooked  as  shown  in  Fig.  177.    This  is  done  to  prevent  the  bars  from 

slipping  before  their  tensile  strength  is  fully  developed. 

373.  Slab  Bars.  To  secure  the  advantage  of  a  continuous 
slab,  it  is  very  often  required  that  a  percentage  of  the  slab  bars, 
usually  one-half,  shall  be  turned  up  over  each  beam.     Construction 


Fig.  170.    Bent  Bars  for  Slabs. 

companies  have  different  methods  of  bending  and  holding  thesi^  bars 
in  place;  but  the  method  shown  in  Fig.  178  will  insure  good  results, 
as  the  slab  bars  are  well  supported  by  the  two  longitudinal  bars 
which  are  wired  to  the  tops  of  the  stirrups.  Fig.  179  shows  the 
bending  details  of  slab  bars,  the  beams  being  s|)aced  six  feet  center  to 
cejiter. 
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374.  Sttmips.  Fig.  180  shows  the  bending  of  the  bars  fi 
.-itimips.  The  eiuls  of  tlie  stirrups  rest  on  the  fonns  and  support  tl 
lit'am  liars,  which  a.-vsist  in  keeping  these  liars  in  place.  The  ends  i 
iIk'  :>lirni[K>  sekloni  sliow  on  the  bottom  of  the  shib  of  the  tinisht 
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Ft«.  Ua    Bending  uf  Bus  tor  Stlrraps. 

HiHir,  SiiHicifiit  ninrtitr  st-eiiis  to  get  under  tlie  ends  of  the  stimi 
In  niver  tht-iii.  Tv]**-  h  i.s  mucli  more  extensively  used  than  type 
'Hh'  latter  tyjie  is  generally  used  when  a  large  amount  i>{  st«l 
re<juired  for  si 
nips,  or  if  the  s 
nips  are  made 
vcrv  small  bars. 
375.  Colu 
Bands.  In  Fig. 
two  t_vi>es  of  colu 
Ixinds  are  slw 
TvjK'a.showsWi 
1  (-«>Iunin;  and  t_v[H'  b,  Iwiids  for  a  rectangi 


...hunn.      The  k.r  whi.h  fnnn.s  the  \mm\  i 

■.  Iwiit  elase  around  e 

vcriicid  Imr  in  ihe  (i>hiiiins,  and  dierefore 

u.ssist.s  in   holding   th 

lN.r.s  in  pliur.  "IV  Iwnds  for  ihe 

rectangidar   (i>hinui  /-  arc  made    i| 

J     1.    ,  1     1  „ 

:i7(i.     Spacers.  Sjnicei-ii,  Fig.           11 

W^     W^    IT 

Sent  around      11 

1S2.  for  luilding  ihe  l>ars  in  place           H^ 

^   ^   ^ 

m  Ix'ams  ami  gtnlcrs.  have  txH-n 
sum-ssfnllvused.    Tlics,- sfMKvrs 

Fij-.  i»;.   yiKHTf. 

are  made  of  hea\y  .shwt  iron.     They  are  fa 

stcned  to  the  stirrups 
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means  of  the  loops  in  the  spacers.  The  ends  of  the 
spacers  which  project  out  to  the  forms  of  the  sides 
of  the  beams,  should  be  made  blunt  or  rounded. 
This  will  prevent  the  ends  of  the  spacers  being 
driven  into  the  forms  when  the  concrete  is  being 
tamped.  The  number  of  these  spacers  required  will 
depend  on  the  lengths  of  tlie  beams;  usually  2  to  4 
spacers  are  used  in  each  beam. 

377.  Unit-Frames.  Among  the  patented  methods 
of  fastening  the  bars  together  for  beams  and  girders, 
is  the  Unit  Girder  Frame  Si/stem,  The  loose  bars 
are  bent  and  made  into  a  frame  as  shown  in  Fig. 
183.  All  this  work  is  done  in  a  shop;  and  the  frames 
are  sent  to  where  the  building  is  being  constructed, 
ready  to  be  placed.  The  stirrups  are  made  of  round 
or  flat  bars,  and  are  hot-shrunk  on  the  longitudinal 
rods.  The  girder,  beam,  or  column  unit  is  shipped 
to  the  site  of  the  building  being  constructed,  bearing 
a  tag  numbered  to  correspond  with  a  number  on  the 
plan  showing  the  proper  position  of  the  reinforce- 
ment. 

BONDING  OLD  AND  NEW  CONCRETE 

The  place  and  manner  of  making  breaks  or 
joints  in  floor  construction  at  the  end  of  a  day's 
work,  is  a  subject  that  has  been  much  discussed  by 
engineers  and  construction  companies.  But  there 
has  not  been  any  general  agreement  yet  as  to  the 
liest  method  and  place  of  constructing  these  joints. 
WTierever  joints  are  made,  great  care  should  Ixj 
exercised  to  secure  a  bond  between  the  new  and  the 
old  concrete. 

378.  Methods  of  Making  Bonds.  First  Method, 
Fig.  184  shows  a  sectional  view  of  one  method  of 
making  a  break  at  the  end  of  the  day's  work,  which 
has  been  used  very  extensively  and  successfully. 
The  stirrups  and  slab  bars  form  the  main  bond  be- 
tween the  old  and  the  new  work,  if  the  break  is  left 
more  than  a  few  hours.      Short  bars  in  the  top  of 
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the  slab  will  also  iLssist  in  making  a  good  bond;  also,  an  additional 
iiumtKT  of  stirrup.s  shonkl  l>e  used  in  the  beam  where  the  break  is 
to  be  made.  Before  the  new  concrete  is  placed,  the  old  concrete 
should  Iw  well  scraped,  tlioroughly  soaked   with  clean    water,  and 
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Fig.  lU,    Break  In  SUb. 


Fig.  186.    : 
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given  a  thin  coat  of  neat  cement  grout.  An  objection  to  this  method 
of  forming  a  joint  is  that  the  shrinkage  in  the  concrete  may  cause  a 
separation  of  the  concrete  placed  at  the  two  different  times,  so  that 
water  will  find  a  passage.  The  top  coat  that  is  generally  placed 
later  will  greatly  as- 
sist in  overcoming 
this  objection- 

370.  f^ccoM  yie- 
thod.  A  n  other 
metho<l  of  forming 
stopping-places  is 
by  dividing  the 
bejim  vertically — 
lluit  is,  making  two 
I--lH-am.s  instead  of 
one  T-lieam,  Fig. 
\S,r,.  Theoretically 
this  is  a  very-  g(Hid 
iiii'IIkkI.  lint  [Hiict:e;illy  it  is  fouiid  d!(f!<'iilt  toc'iinstruct  the  forms 
<lividii)g  tlie  U^Hin.  as  the  .steel  is  t;reatly  in  the  way. 

.'WO.  Thin/  HcIIkxI.  The  iiietlioil  of  stopping  the  work  at 
the  eeiitiT  r)f  the  .spjiii  of  tiie  U-iinis  and  pnrallel  to  the  girders,  has 
iK-en  iLM'd  lo.s..iiice.\lent.  I'i^'.  l.MI  ilhislmtes  ihisnietliod.  Tlieon-l- 
icidly  till'  shib  i.s  iioi  wi-iikciirii  i  ;im<1  a.s  llie  niii.xiniiiiii  U-nding 
Uiuineiil  "leiirs  .-!(   llii.s  [Hiiiit,  the  shear  i^  »To,  aini  lIicR-fore  the 
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iMfams  ape  not  supposed  to  be  weakened,  except  for  the  loss  of  cod- 
cK-te  in  tension,  and  thu  is  not  usually  considered  id  the  calculation. 
'Hie  Indiums  of  the  beams  a  re  tied  together  by  (he  steel  that  is  placed 
ill  the  U-ums  to  take  the  teasile  stresses;  and  there  should  be  some 
short  lutr.H  place<l  in  the  top  of  these  beams,  as  well  as  in  the  top  of 
the  slab,  to  tie  them  together.  The  objection  made  in  the  description 
iif  the  first  mctho<l — in  that  any  shrinkage  in  the  concrete  at  the 
joint  will  j)ermit  water  to  pass  through — is  greater  in  the  second  and 
third  nietlwMls  than  in  the  first. 


REPRESENTATIVE  EXAMPLES  OF  REINFORCED- 
CONCRETE  WORK 

HS1.     Buck  Building.     Fig.  187  shows  the   typical   structural 
fi(H»r-plnn,iilM>ve  lliefirst  floor,  of  a  building  constructed  for  ■'.  C,  Buck 
at  I-'ifth  anil  Appletree  Streets,  Philadelphia.    The  architects  were 
Ballinger&  Perrot,  and  the  build- 
ing was  constructed  by  Cramp  & 
Company,   Philadelphia.     The 
building  has  a  frontage  of  00  feet 
on  Fifth  Street,  and  a   depth  of 
61  feet  on  Applett«e  Street,  and 
is  seven  stories  high.     The  build- 
in;;  was  cunstmcted  stnictnrally 
of  n'itifortfd  concrete,  except  the 
first  floor  and  the  columns  in  the 
lower  floors.     Tlie  floors  were  all 
ilfsigiifd  to  carry  'MO  iwuiuls  per 
•;(]iiare  foot.    The  side  walls  were 
c..iisinu!e.lofliirhl-c<.lorv.n.rick. 
ai»l    iriiiun*-!!   with    tt-rra-t ot la. 
Tlio  first    floor   was  <onsinicied 
t-[*tvtally[oMiit  ihe reijuirvments 
of  t lie iheniical  v»ni[xtny  that  is  to 
i.  If  tliisi-onnmny  -hotild  leave  ihe 
l-iiildins:  «l:*-ii  it»-ir  |.n-*-(ii  W.h-  .-xpitx-s.  it  will  i.-ery  pr...UiUy  be 
i\vv.<irv    to    nvoii-irm-t    \hx    tir^t  ti(X>r;  and  iheri'lorv  ii  wascon- 
nn'.n!  .'t  sinKiunil  <;ivl,  as  ii  will  In-  miK-h  easier  to  remo^'e  a 
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floor  conslnifted  of  sfnictural  steel  than  one  constructed  of  rein- 
forced concrete. 

The  footings  for  each  of  the  interior 
columns  were  designed  as  single  footings. 
'JTiey  were  10  feet  square,  30  inches  thick, 
and  were  reinforced  as  shown  in  Fig.  ISR. 

The  columns  in  the  basement,  first, 
and  second  floors,  were  of  structural 
steel,  and  fireproofed  with  concrete.  The 
wall  columns  were  either  square  or  rec- 
tangular in  shape  ;and  theinteriorcolumns 
were  round,  being  twenty  inches  in  <lianie- 
ter.  The  stress  allowed  in  the  structural 
steel  of  these  columns  was  16,000  pounds 
per  square  inch  of  the  steel  section;  but 
no  allowance  was  made  for  the  four  small 
bars  placed  in  the  column.  These  steel 
cores  were  provided  with  angle  brackets 
to  support  the  beams,  and  with  spread 
bases  to  transmit  the  stress  in  the  steel 
to  (he  foundation.  The  cores  are  com- 
posed of  angles  and  plates,  and  are  riveted 
together  in  the  usual  manner.  The 
columns  were  built  in  sections  of  a  length 
equal  to  the  height  of  two  stories.  The 
extra  metal  required  in  this  practice  was 
very  .small;  and  the  expense  of  half  the 
Joints,  if  A  change  of  section  had  l>een 
made  at  each  floor,  was  siiveil. 

The  general  outline  and   details 
these  steel  cores  are  illustrated   in   Fig. 
1S9.     In  the  exterior  columns,  the  steel 
cores  were  used  in  the  basement  and  the 
first, .second, and  third  floors,  where  neces- 
sarj';    in  the  interior  columns,  they  were 
used  also  in  the  fourth  story,  and  in  t' 
columns  the  structural  steel  extended 
the  sixth  floor  line.   The  exterior  columns  i 


:«»         jrASONUY  AND  UEINFORrED  CONCRETE 

111 


Fig.  IW.    Drloll  of  IWam' 
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ilM-n  (or  Tliicli  BuIMIub.  Philadelphia,  P». 


al^o^■e  the  stnictural  steel,  and 
also  the  columns  in  which  struc- 
tural steel  was  not  required,  were 
gt'oeral  reinforced  with  S  bars 
1  inch  square,  in  the  lower  floors; 
and  (his  amount  of  steel  was 
gradually  reduced  to  4  bars  1 
inch  square,  in  the  seventh  storj". 
In  the  interior  columns,  the 
reinforcement  above  the  steel 
eort's  consisted  of  8  bars  \  inch 
sijuare,  in  die  floor  just  abore 
ilie  structural  steel ;  and  the 
niniilKTof  these  bars  wasgradu- 
allv  ivihiced  to  4  in  the  seventh 
fltmr. 

The  floor-slab  was  5  inches 
ihkk.  and  was  reinforced  with  \- 
inch  square  burs  sj>acf<l  (i  inches 
on    ifuters,    and    ^',-inch    liars 
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spaced  24  inches  on  centers, the  latter  l)eing  placed  at  right  angles  to  the 
former.  The  roof  slab  was  designed  to  carry  a  live  load  of  40  pounds 
per  scjuare  foot,  and  was  3i  inches  thick.  The  reinforcement  con- 
sisted of  i\-inch  bars  spaced  6  inches,  and  the  same  sized  bars  spaced 
24  inches  at  right  angles. 

The  floor-beams  were  in  general  8  inches  wide,  and  the  depth 
below  the  slab  was  18  inches.  The  amount  of  reinforcement  in  the 
beams  varied,  depending  on  the  length  of  the  beams.  Most  of  the 
beams  were  reinforced  with  2  bars  1  inch  square,  and  1  bar  1 J  inches 
square.  The  1 J- 
inch  bar  was  turned 
up  or  trussed  at  the 
ends,  and  the  1-inch 
bars  were  straight. 
The  roof  beams 
were  6  by  12-inch 
below  the  slab,  and 
were  reinforced 
with  2  bars  |  inch 
square,  except  in 
the  longest  beams, 
in  which  2  bars  1 
inch  square  were 
required.  A  J-inch 
bar,  5  feet  long,  was 
placed  in  the  top  of 
all  floors  and  roof 
beams,  where  they 
were  framed  into  a 
girder.  The  ends  of  these  bars  were  turned  down.  The  stirnips 
were  made  of  |-inch  round  bars,  and  wen*  spaced  as  shown  in  the 
detail  of  the  beam.     See  Fig.  190. 

The  floor  girders  were  12  by  24-inch  lx4ow  the  slab.  The  span 
of  the  girders  varied  from  about  18  feet  to  about  20  feet;  and  they 
were  all  reinforced  with  0  bars  1  inch  square,  three  of  the  bars  lx*ing 
turned  up  at  the  ends.  Two  J-inch  square  bars  were  placed  in  the 
top  of  the  girders  over  the  supports.  These  bars  were  5  feet  long, 
and  they  were  hooked  at  the  ends.     Bars  §  inch  square,  5  feet  long, 


Pig.  192.    Stairs  for  Buck  Building.  Philadelphia.  Pa. 
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wi'K'  j>l«iftl  in  the  ,sUil>  near  tlie  top,  at  right  angles  to  the  girders. 
The  liars  wtk*  12  inches  i-enter  to  center,  and  were  [^ced  ovtr  the 
wnter  of  the  girders. 

"Hie  wall  beams  or  lintels  on  the  Fifth  Street  and  Appletree 
Street  sitles  of  tlie  Imilding,  are  shown  in  section  in  Fig.  191.  Thev 
are  9  inrhes  by  24  inches,  and  are  reinforced  with  2  bars  1  inchsquiir. 
'n»«>  wall  girders  in  the  side  of  the  building  oppo^te  Appletree  Stiwt 
are  1-1  inrhes  by  24  inches,  and  are  reinforced  with  6  bars  1  iwh 
j»)uare. 

'IIh-  stairs  wtiv  constructed  as  shown  in  Fig.  192.  The  stnif- 
tiiml  rtinorete  slab  «-as  6  inches  thick,  and  was  reinforced  with  J- 
iiu'h  l>ars.  Safety  treads  5^  inches  in  width,  and  12  inches  shorter 
than  tlie  width  of  the  stairs,  were  set  in  each  step. 

The  ivncrete  for  tlie  l)eams,  girders,  slabs,  and  footings  was » 
l:2.\:  "iniixtHre;  and  for  the  columns,  a  1:2: 4  mixture  was  requited. 
The  stone  ustil  in  this  eoncrete  was  trap  rock.     The  concrete  was 


Hpmtaon  BatMliiK.  PhUadfllpblft,  !>». 

mixed  in  a  Utieh  mixer,  and  the  consistency  of  the  mixture  n'aswhat 
is  «^>nimt>nly  known  «.■:  a  irrf  mijrture.  Square  twisted  bars  were 
hjuhI  a.-i  the  o'infoiving  .■ittn-l. 

The  tirsl.  :«-eonii.  and  tliinl  floors  were  finishe<l  with  l{>inch 
ntnple  tlonring.  'Hw  strin^rs,  2  inches  by  3  inches,  were  spaced  16 
inches  njwrt,  and  the  sptu-e  U'tween  the  stringers  was  filled  with 
cinder  ttinerr-le.  TIh>  other  (lixirs  were  finished  with  a  one-ineh 
ixwt  of  iv»H(-n/  ^nish.  A  cinder  fill  2  inches  thick  was  laid  on  the 
e»>nereie  lUmr-shib.  on  which  was  laid  the  cement  finish.  The  cinder 
iMiicix'le  ouisisliii  of  I  [liirt  Portland  cement,  3  parts  sand,  and  7 
jwrts  cindors.  'Hie  tviiient  fini.sh  «-as  composed  of  1  part  Portlanil 
tvnieitt.  I  [mri  siind.  aiul  1  jwrt  J-inch  cnish«l  granite. 

:iSl\  .Mcrshon  Building.  Fig.  IftS  shows  the  plan  of  the 
fonndiitions  and  tlie  lypiiid  layout  of  the  stnictural  memliers  fw 
each  lliHir  of  a  buildin<:  ciinstnictetl  by  Cramp  &  Company  on  the 
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south  side  of  Walnut  Street,  between 
Ninth  and  Tenth  Streets,  Philadelphia. 
This  building  was  erected  during  the  sum- 
mer of  1907.  It  has  a  frontage  of  27 
feet  on  Walnut  Street,  and  a  depth  of 
165  feet  on  Hutchinson  Street,  an<l  is 
eight  stories  high.  It  was  constructed 
for  manufacturing  and  storage  purposes, 
and  the  floors  were  designed  to  carry  a 
uniformly  distributed  live  load  of  20() 
pounds  per  square  foot. 

At  the  time  that  this  building  was 
constructed,  the  Building  Code  of  Phila- 
delphia permitted  a  working  stress  of 
500  pounds  per  square  inch  in  compres- 
sion in  concrete,  and  a  tensile  strength 
of  16,000  pounds  per  square  inch  in  the 
reinforcing  steel  The  concrete  could  l>f 
made  of  any  desired  proportions  that 
would  insure  nn  ultimate  .strength  of 
2/>00  pounds  per  .'Hjuare  inch.     A  (hick- 
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iiess  of  2  inches  of  i-oncrete 
was  required  on  the  outside 
of  the  Tvinforcing  stee)  in  col- 
umns, ^rders,  and  beams,  and 
1  inch  on  the  bottom  of  Hoor- 
sUbs.  Tlte  Building  Code  re- 
quired that  all  girders,  beams, 
and  slabs  should  be  considered 
^  simple  beams  supported  at 
ibe  ends,  no  allowance  being 
made  fw  continuous  constnifs 
Don  OTTF  supports.  Owing 
K>  ibe  b«ufcUng  being  only  27 
fret  wide,  interior  columns 
»««■  not  required,  and  ihere- 
(fwe  (twtings  were  needed  only 
3kW^  ibe  two  sides  of  the 
i^^BC.  Tbe  footings  along 
rie  Hi:«Ain»o  Street  side  of 
nw  Vf.vVv^Tj  wieTx?  iie>'.jnc\i  ;u< 
:s.ii;s".i  f.x>iir.c?.  ^*  >hi'wii  in 
r.v  ^zKTitl  riirj^.  4"-.:  «ietaik"tl 
.T  T^.  I^-     R-:  cis  i}Tv  of 
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load  permitted  on  the  soil,  which  was  3^  tons  per  square  foot. 
See  Fig.  195. 

In  designing  the  columns,  a  working  stress  of  500  pounds  per 
square  inch  was  allowed  for  the  whole  section  of  the  column*  The 
steel  reinforcement  consists  of  round  bars,  banded  every  12  inches 
with  a  f-inch  bar.  The  area  of  the  longitudinal  bars  was  less  than 
one  per  cent  of  the  area  of  the  section  of  the  column.  The  columns 
decreased  in  size  from  32  by  36  inches  in  the  basement  to  12  by  28 
inches  at  the  eighth  floor. 

All  the  floor-beams  were  the  same  size,  being  10  inches  wide 
and  18  inches  in  depth  below  the  slab;  but  the  amount  of  reinforce- 
ment was  varied.  In  the  cross-beams  between  the  columns,  the 
reinforcement  consisted  of  5  twisted  bars  1  inch  square;  but  6  bars  1 
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Fig.  196  b.    Detail  of  Olrclers,  Mershon  Building. 

inch  square  were  required  for  the  cross-l)eams  between  the  longi- 
tudinal beams,  as  the  span  was  4  to  5  fee t  longer  for  most  of  the  floors. 
The  detail  of  the  beams  between  the  columns  is  shown  in  Fig.  196a. 
The  longitudinal  beams  between  the  columns  were  reinforced  with 
4  twisted  bars  1  inch  square,  the  details  of  which  are  given  in  Fig. 
1966.  The  stirrups  for  all  the  beams  were  made  of  |-inch  round 
steel  bars.  The  beams  were  connected  by  a  5-inch  slab  reinforced 
with  |-inch  square  bars  spaced  5  inches. 

383.  Efben-Harding  Company  Building.  The  exterior  and 
interior  of  a  factory  building,  designed  and  constructed  by  Wm. 
Steele  &  Sons  Company  for  the  Erben-Harding  Company,  Phila- 
delphia, are  shown  in  Figs.  197  and  198.  This  building  is  100  feet  by 
153  feet,  and  was  constructed  structurally  of  reinforced  concrete, 
except  that  structural  steel  was  used  in  the  columns.  The  floors  and 
columns  were  designed  to  support  safely  a  live  load  of  120  pounds 
per  square  foot. 
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pew  »bout  12  feet  by  25  feet,  the  girders  baring 
a  3fkB  af  aboMt  12  ket,  sod  the  W.idis  a  span  of  2o  feet    One 
s  phced  in  each  panel,  a^ shown  in  the  interior 
TW  ppJcrs  w^n-  12  inches  wide  and  20  inches  deep  below 
the  slab,  and  were  reinforced mth 


Expanded  Melal) 


4  liars  l|'j  inches  in  diameter. 
Ttie  beams  were  12  by  IS^nch, 
and  were  reinforced  nith  4  l«rs 
1  ( inchc!  in  diameter.  Tliefloor- 
^        \\»         *  slab  Bas  4  inches  t))ick, and  ftiis 

11  \  reinforced  with  S-inch  mesh,  No. 

(lip  10  gauge,  expanded  metal. 

LI  I  Tlie  columns  ft^cre  all  1%S  bj 

l|     t  IS-inch;  but  the  structnrai  steel 

(4  angles  arranged  as  shown  in 
Fig,  190)  in  the  columns  was  de- 
signed  to  support  tlie  entire-  load 
on    the  columns.      Four  j-inA 
Iwrs  were  placed   in  the  eolunins 
and  vnppnl  villi  expuided  metal.     The  exterior  columns  wer« 
vxposetl  ht  view  oa  both  tbe  exterior  and  the  interior  of  tlie  building. 
.  T1»e  cntuv  width  bnwren  the  wall  rohimns  was  fillet!   by  triple  wift. 
dovs.    TW  wall  beams   «Tre  constructed  flush  with   the  exteriM 
•  o(  tbr  v-all 
as  sbiia'V 
,  Rp.    197,    Hie 


f{WCV 


Wiween  the 


liottom  of  the  win- 
dows ami  the  »tiH 
beams  was  filkd 
with  white  bri<'4i. 
'ITie  two  firr  lowvrs 
k>C3itn]  at  tbe  coi^ 
ners  of  the  buUding 
w^if  also  constnictEd  of  white  brick. 

Tlie  floor  finish  of  this  building  is  somewhat  unusual.  Sills  2  \if 
4  inches  were  laid  on  the  structural  flooi^lab  of  concrete,  and  the 
space  between  tiiese  silb  was  filled  with  cinder  concrete.     On  tbestf 
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sills  was  laid  a  covering  of  2-inch  tongued-and-grooved  plank;  and 
on  these  planks  was  laid  a  floor  of  |-inch  maple,  the  latter  being  laid 
perpendicular  to  the  2-inch  plank. 


Jeciion 


Fig.  201.    Detail  of  Olrder  for  Shop  Building  of  Swarthmore  (Pa.)  College. 

384.  Swarthmore  Shop  Building.  In  constructing  the  new 
shop  building  at  Swarthmore  College,  Swarthmore,  Pennsylvania, 
in  1906,  concrete  blocks  were  used  for  the  side  walls,  and  the  floors 
were  constructed  of  reinforced  concrete.    This  building  is  49  feet  8 
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Section  a-a         V//^, 
Plan 

Pig.  302.    Stairway  In  Shop  Building,  Swarthmore  College,  Swarthmore,  Pa. 

inches  by  112  feet,  and  is  3  stories  high.  The  floors  were  designed 
to  carry  a  live  load  of  150  pounds  per  square  foot.  A  factor  of  safety 
of  4  was  used  in  all  the  reinforced-concrete  construction. 

The  columns  are  located  as  shown  in  Fig.  200.     The  span  of  tlie 
girders  is  20  feet,  except  for  the  three  middle  bays,  in  which  the  span 
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is  only  10  feet.  The  20-foof  girders  are  14  inches  wide,  and  the  de[>th 
lielow  the  slab  is  23  inches.  The  reinforcement  consists  of  S  bars 
I  inch  square.  The  details  of  these  girders  are  given  in  Fig.  201. 
The  beams  are  spaced  5  feet  center  to  center.  The  span  of  these 
beams  is  about  16  feet,  the  width  8  inches,  and  the  depth  12  inches 
below  the  slab;  and  the  reinforcement  consis(s  of  5  bars  ^  inch  square. 
The  slab  is  4  Inches  thick,  inclwling  tlie  top  coat  of  1  inch,  which  tt'as 
composed  of  1  part  Portland  cement  and  1  part  sand.  This  finishing 
coat  was  put  on  liefore  the  otlier  concrete  had  set,  and  was  figured 
as  part  of  Ihe  structural  slab.  The  slab  reinforcement  consisted  of 
J-inch  bars  spaced  4  inches 
on  centers,  and  J-inch  bars 
spaced  24  inches  at  right 
angles  to  the  bars  spaceil  4 
inches.  The  columns  ranged 
in  >ize  from  10  by  lO-lnch  to 
IS  by  18-inch, and  were  rein- 
forced by  placing  a  l«r  in  each 
ctirner  of  the  column,  which 
bars  are  lied  together  by  J- 
inch  bars  spaced  12  inches. 
The  amount  of  this  steel  was 
about  one  per  cent  of  the  total 
area  of  (he  column. 

Fig.  202  shows  the  plans 
of  ihe  stairway.  The  linleb 
were  moulded  on  the  ground, 
and  placeil  when  the  side 
nails  had  been  built  to  the 
[in.>iier  height  for  the  lintels  to  Ix'  placed.  The  size  of  the 
liiilrls  was  varied  on  the  dlBerrnt  doors  (o  confonn  widi  the  architec- 
tural featuivs  of  the  building.  The  width  of  the  lintels  was  made  the 
jiame  as  the  ihicknet^  of  the  wulls,  and  therefore  both  sides  of  the 
lliilels  were  exixised  to  Wew.  Tl>e  lintels  were  reinforced  with  3 
bars  \  inch  square. 

The  concrete  w*s  composed  of  I  part  Portland  cement,  3  parts 
8Mud.  and  Ti  parts  sloite.  Tlw  stone  was  graded  in  size  from  )  inch 
0  1  inch.   "Johnson"  comigaled  liars  weie  usetl  as  the  letnforciiig 
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steel.  A  panel,  16  by  20  feet,  of  one  of  the 
floors,  was  tested  bv  placing  a  load  of  300 
pounds  per  square  foot  over  this  area.  The 
deflection  was  so  slight  that  it  could  not  be 
conveniently  measured.  In  Fig.  203  is  given 
a  view  of  the  under  side  of  a  floor,  showing 
the  connection  of  the  girder  and  beams  with  the 
column. 

There  is  a  criticism  that  may  be  made  in 
the  details  of  the  girder  shown  in  Fig.  201. 
The  bars,  which  are  turned  up  at  the  end,  should 
have  been  long  enough  so  that  the  bars  could 
beagainhentparallel  to  the  floor  line  and  be  ex- 
tended through  the  column.  This  would  have 
tied  the  girders  together  in  a  more  secure 
manner;  and  these  bars,  being  near  the  top  of 
the  slab,  would  have  resisted  any  negative 
bending  moment. 

385.  Apartment  House.  In  designing  a 
re  in  forced-concrete  apartment  house  which 
was  constructed  at  Juniper  and  Spruce 
Streets,  Philadelphia,  it  was  desirable  to  have  a 
floor  system  that  was  flat  on  the  under  side, 
except  for  the  beams  connecting  the  columns, 
so  as  to  avoid  the  expense  of  a  suspended  ceil- 
ing. The  greatest  span  of  the  flat  construction 
necessary  to  avoid  having  beams  in  the  ceiling 
of  the  rooms,  was  about  18  feet.  It  was  at 
first  intended  to  use  a  slab  of  reinforced  con- 
crete to  connect  the  beams;  but,  as  the  Phila- 
delphia Building  Code  requires  that  the  depth 
of  reinforced  concrete  must  be  at  least  three- 
fifths  of  an  inch  per  foot  of  span,  to  fulfil 
this  condition  a  slab  much  thicker  than  neces- 
sarj'  for  structural  purposes  was  required.  The 
Building  Code  requires  that  the  floors  of  apart- 
ment houses  shall  l)e  designed  to  carry  safelv 
70  pounds  per  scjuare  foot. 
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This  apartment  house  is  40  feet  by  127  feet,  and  eight  stories  in 
liei^l.  'l^en-  is  also  a  basement  under  the  entire  building.  In  taking 
bids  on  dii^  building,  it  wus  found  that  a  steel  frame,  not  including 
the  fiwprooling,  cost  more  than  a  reinforced-concrete  structure.  It 
was  therefore  decided  to  construct  the  building  of  reinforced  con- 
i-rple.  'ITie  vails  were  of  brick,  except  the  eighth  storr,  which  was 
(inicwte.  The  concrete  wall  is  hollow,  having  a  total  thickness  of  16 
in(-tH-^:  ami-it  is  composed  of  two  slabs,  each  six  inches  in  thickness, 
witli  iiti  air  space  of  four  inches  between  the  slabs.  These  slabs  are 
n-inforceil  with  steel  bars  placed  longitudinBlly  and  vertically, 

'ITie  type  of  floor  construction  used  is  shown  in  Fig,  204.  Rein- 
forcttl-coHcwtc  gitilers  were  constructed,  connecting  the  columns; 
aiul  the  space  lictween  them  was  filled  with  small  rein  forced-con- 
crete hewHs  «ml  plaster  blocks.  The  girders  were  designed,  when 
possil4r,  as  T-beams;  and  as  a  certain  amount  of  concrete  was 
required  in  the  slab  to  take  the 
compression,  the  hollow  block 
construction  was  omitted  for  a 
sufficient  width  on  each  side  of 
the  girtier  to  allow  for  this  com- 
pre.ssion.  This  feature  is  shown 
in  Fig.  204.  The  beams  were  4 
inches  wide,  6  inches  to  8  inches 
deep,  depending  on  the  span,  and 
were  connected  with  a  2-inch  slab 
uf  concrete,  Ihe  beams  were 
sjiatrd  Hi  Indies  center  to  center,  and  each  beam  was  rein- 
font-*!  with  a  1-imh  round  Iwr.  The  two-inch  slab  was  rein- 
forccfl  with  i-inch  bars  spaceil  24  inches;  and  over  the  girders  and  at 
right  an^es  to  the  ginlers,  ^-inch  bars  6  feet  long  were  spaced  16 
inches;  that  is.  one  of  these  bars  was  placed  in  the  top  of  each  of  the 
beams.     The  span  of  these  beams  varied  from  !2  feet  to  18  feet. 

A  hollow  plaster  block,  12  inches  wide,  was  used  as  a  filler  be- 
tween the  concrete  beams.  These  blocks  were  made  of  the  required 
depth,  6  and  S  inches,  and  were  12  inches  wide  at  the  top  and  llj 
inches  wide  at  the  bottom.  The  object  in  sloping  the  sides  of  the 
blocks  was  to  key  the  blocks  between  the  beams.  The  block,  in 
section,  is  shown  in  Fig.  205,  and  is  known  as  t}ie  Keygftme  Fireproof 
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Block.  The  coefBcient  of  expansion  of  plaster  blocks  is  very  small 
compared  with  that  of  the  terra-cotta  block;  and  also  the  plaster 
block  is  more  efficient  as  a  non-conductor  of  heat.  The  blocks  were 
sfMiced  4  inches  apart,  and  therefore  served  as  the  forms  for  the  sides 
of  the  beams.  The  planks  on  which  the  blocks  were  placed  were 
sfMiced  8  inches  apart,  which  made  a  saving  in  the  amount  of  lumber 
required  for  forms.  It  was  found  necessary  to  wet  the  blocks  thor- 
oughly by  means  of  a  hose,  before  the  concrete  was  placed,  as  the 
dry  blocks  quickly  absorbed  the  water  from  the  concrete.  About  one 
per  cent  of  the  blocks  were  broken  in  handling  them.  The  partitions 
in  the  building  were  made  with  the  blocks.  When  the  floor  forms 
were  removed,  the  ceilings  and  walls  were  plastered. 

On  the  Juniper  Street  side,  balconies  were  constructed  nearly 
the  full  length  of  the  house.  They  are  4  feet  wide.  Structurally 
they  were  constructed  as  cantilever  beams,  and  consist  of  slabs  of 
concrete  6  inches  thick  and  reinforced  with  i-inch  round  bars  spaced 
6  inches  center  to  center.  These  balconies  are  constructed  at  each 
floor  level.  In  Fig.  204  is  shown  a  cantilever  beam  with  a  span  of 
6  feet.  It  is  12  inches  wide  and  26  inches  in  depth,  and  is  reinforced 
with  4  bars  |  inch  in  diameter.  This  cantilever  supports  the  ex- 
terior wall  and  one  end  of  a  simple  beam  of  a  span  of  about  16  feet. 

The  exterior  and  interior  columns  were  constructed  of  concrete, 
and  reinforced  with  plain  round  bars.  The  roof  construction  was 
similar  to  the  floor  construction. 

The  concrete  consisted  of  a  mixture  of  1  part  Portland  cement, 
3  parts  sand,  and  5  parts  stone.  The  stone  was  trap  rock,  broken  to 
pass  through  a  J-inch  ring,  dust  screened  out;  and  the  sand  is  known 
as  Jersey  gravel,  which  is  a  bank  sand.  The  reinforcing  bars  were 
plain  round  bars  of  medium  steel. 

386.  The  McNulty  Building.*  The  columns  used  in  the  con- 
struction of  the  McNulty  Building,  New  York  City,  are  a  very  interest- 
ing feature  in  this  building.  The  building  is  50  feet  by  96  feet,  and  is 
10  stories  high,  and  was  one  of  the  first  small-column  reinforced-con- 
crete  buildings  erected  in  New  York.  The  plan  of  all  the  floors  is 
the  same.  A  single  row  of  interior  columns  is  placed  in  the  center  of 
the  building,  about  22  feet  center  to  center. 

The  columns  are  of  the  hooped  type,  and  wert»  designed  from  the 
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foniiula  approved  by  the  building  laws  of  New  York  City.  The 
formula  used  was  P  =  1,600  r"  +  (160.000  Ah  -h  P)  X  r  +  (1,000  .U, 
in  which  P  =  the  total  working  load,  r  =  radius  of  the  helix,  A»  = 
the  total  area  of  the  vertiral  steel,  Ak  =  sectional  area  of  llie  hooping 
wire,  /'  =  the  pitch  of  the  helix. 

The  interior  columns  are  cylindrical  in  form,  except  those  sup- 
porting the  roof,  which  are  12  by  12-in('h  and  are  reinforceil  with  4 
bars  J  inch  in  diameter.  In  all  the  other  stories  except  the  ninth, 
they  are  27  inches  in  diameter.  Below  the  fifth  floor  tlie  reinforce- 
ment in  each  of  these  columns  consists  of  2-inch  round  vertical  liars, 
ranging  in  number  from  seven  in  the  fifth  floor  to  thirty  in  the  base- 
ment, and  banded  by  a  24-inch  helix  of  J-inch  wire  with  a  pitch  of  li 
inches.  ITie  vertical  bars  were  omitted  between  tlie  sixth  and  tenlh 
floors;  and  the  diameter  of  the  helix  was  gradually  decreatied,  while 
the  pitch  was  increased.  In  the  ninth  floor  the  diameter  was  rciluceil 
to  21  inches. 

The  wall  columns  are  in  general  30  by  26  inches,  and  support 
loads  from  4S,000  pounds  in  the  tenth  floor  to  71!),7o0  pottntU  in  the 
basement.  In  the  sixth  story,  the  reinforcement  in  these  columns 
consists  of  3  round  vertical  bars  2  inches  in  diameter;  and  in  *?arh  of 
the  floors  below,  the  number  of  bars  was  increased  in  these  columns 
tliere  l>eing  24  in  the  basement  eolumns.  These  are  spirally  wound 
with  j*j-inch  steel  wire  formmg  a  helix  2.1  inches  in  diameter,  with  a 
pitch  of  2i  inches,  .\bove  the  seventh  floor,  the  columns  are  rein- 
forced with  4  bars  J  inch  in  dameter,  and  tied  together  by  y*j-inch 
wire  spaceil  18  inches  apart.  The  columns  rest  on  cast-iron  shoes, 
which  are  l»edded  on  solid  rock  about  21  feet  below  the  base- 
ment floor. 

The  main-floor  girders  extend  transversely  across  the  building, 
and  have  a  clear  span  of  21  feet.  The  floor-lieams  are  spaced  alxiut 
fi  feet  apart,  and  have  a  span  of  about  20  feet  6  inclies.  The  siiies  of 
the  l)eams  slope,  the  width  at  the  bottom  lieing  two  inches  le.ss  tlian 
the  width  at  the  under  surface  of  the  slab.  The  reinforcement  con- 
sists of  plain  roun<l  bars.  The  bars  for  the  girders  and  beams  were 
bent  and  made  into  a  truss  (the  Unit  St/stem)  at  the  shops  of  the  con-" 
tractor,  and  were  shipped  to  the  work  ready  to  be  put  in  place.  The 
stirrups  were  hot-shnmk  on  the  longitudinal  burs.  The  helices  for 
tlie  columns  were  wound  and  attached  to  some  of  the  \'ertical  rod^  at 
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the  shop,  to  preserve  the  pitch.  The  vertical  rods  in  each  coiumn 
project  6  inches  almve  the  floor  line,  and  are  connected  to  the  bar 
placed  on  it,  by  a  piece  of  pipe  12  inches  long. 

The  concrete  was  a  1:2:4  mixture.  Giant  Portland  cement 
was  used,  and  J-inch  trap  rock.  The  placing  of  concrete  was  begun 
about  the  middle  of  August,  1906,  and  the  building  was  completed 
December  20. 

387.  The  McGraw  Building.  The  McGraw  Building.  New 
York  City,  completed  in  1907,  is  a  gooti  example  of  a  reinforced- 

Jtitmp  ford'Siai  and  Treads  in  Section  C.C. 
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concrete  building.  The  building  has  a  frontage  of  120  feet  and  a 
depth  of  90  feet,  and  is  11  stories  in  height.  The  height  of  the  roof 
is  about  150  feet  above  the  street  level.  The  building  was  designed 
(o  resist  the  vibration  of  heavy  printing  machinery'.  Tlie  first  and 
second  floors  were  designed  for  a  live  loa<l  of  250  pounds  per  square 
foot;  for  the  third  floor,  150  pounds  per  square  foot;  for  the  fourth 
floor  and  all  floors  above  the  fourth  floor,  125  pounds  per  square  foot. 
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All  beams  and  girders  were  designed  as  continuous  beams,  even 
where  supported  on  the  outside  beams.  There  was  twice  as  much 
steel  over  the  supports  as  in  the  center  of  the  spans.  The  Building 
Code  of  the  City  o(  New  York  requires  that  the  moment  for  con- 
tinuous beams  be  taken  as  —  at  the  center  of  the  span,  an<l  as  -^- 

over  the  support.     These  values  are  more  than  twice  (he  theoretical 

value  as  computed  for  continuous  beams. 

One  very  interesting  feature  of  this 
building  is  that  it  was  constnicled  dur- 
ing the  winter.  The  first  concrete  was 
laid  during  September,  and  the  concrete 
work  was  completed  in  April.  During 
freezing  weather,  the  windows  of  the 
floors  below  the  floor  that  was  being  con- 
structed were  closed  with  canvas;  and 
salamanders  {open  stoves)  were  distrib- 
utetl  over  the  completed  floor,  and  kent  in 
constant  operation.  Coke  was  used  as 
the  fuel  for  the  salamanders.  The  oon- 
crelp  was  mixed  with  hot  wsiler,  and  die 
sand  and  the  stone  were  also  heated. 
After  two  or  three  stories  had  Ikh-h 
erected,  and  the  construction  force  was 
fully  orj^nized,  a  floor  Wiis  completed  in 
iiliiait  12  days.  Three  complete  sets  of 
fonns  were  provided  and  used.  Tlicy 
were  usually   left  in    place    iieiirly    three 


^N 


wc-ks. 

3SS.  Fridenberg  Building.  In  Fig. 
20(>  are  shown  the  plans  of  stairs  cim- 
F\u  0  u..iiirfi,i..i..|,  Ktructed  in  the  Fridenl>erp  building  at  <H)S 
riiCKlniit  Street,  Philiulclpliia.  This  building  is  24  feet  by  TO  feet. 
and  is  seven  stories  high.  Structurally  die  buihiing  was  constructed 
of  reinfiirced  concrete.  The  .staii-  and  elevator  tower  is  lix-ated  in  the 
rear  of  the  main  building. 

The  jilaus  of  die  stairs  are  iTilercsling  on  account  <if  tlic  long-si>iin 
(about  Hi  tcft)  slab  construction.     The  stairs  were  de.signed  to  carry 
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safely  a  live  load  of  100  pounds  per  square  foot;  and  in  the  theoretical 
calculations  the  slab  was  treated  as  a  flat  slab  with  a  clear  span  of  16 
feet  The  shear  bars  were  made  and  spaced  as  shown  in  the  details. 
The  calculations  showed  a  low  shearing  value  in  the  concrete,  but 
stirrups  were  used  to  secure  a  good  bond  between  the  steel  and  con- 
crete. 

The  concrete  was  a  1:2:4  mixture,  and  was  mixed  wet.  The 
reinforcing  steel  consisted  of  square  deformed  bars,  except  the  stir- 
rups, which  were  made  of  J-inch  plain  round  steel. 

389.  Qeneral  Electric  Company  Building.  An  interesting 
feature  of  a  large  reinforced-concrete  building  constructed  for  the 
General  Electric  Company  at  Fort  Wayne,  Ind.,is  the  design  of  the 
lintels.  As  shown  in  Fig.  207,  the  bottom  of  the  lintel  is  at  the  same 
elevation  as  the  bottom  of  the  slab.  The  total  space  between  the 
columns  is  filled  with  double  windows;  and  the  space  between  the 
bottom  of  the  windows  and  the  floor  is  filled  with  lintels  and  a  thin 
wall  of  reinforced  concrete,  as  shown  in  the  figure. 

390.  Water^Basin  and  Circular  Tanks.  Figs.  208  and  209 
illustrate  sections  of  the  walls  of  the  pure  water  basin  and  the  50- 
foot  circular  tanks  which  have  been  partly  described  in  Part  I  imder 
the  heading  of  Waterproofing. 

The  pure  water  basin  was  100  feet  by  200  feet,  and  13  feet  deep, 
giving  a  capacity  of  1,500,000  gallons.  The  counterforts  are  spaced 
12  feet  6  inches  center  to  center,  and  are  12  inches  thick,  except  every 
fourth  one,  which  was  made  18  inches  thick.  The  18-inch  counter- 
forts were  constructed  as  two  counterforts  9  inches  thick,  as  the 
vertical  joints  in  the  walls  were  made  at  this  point;  that  is,  the  con- 
crete between  the  centers  of  two  of  the  18-inch  counterforts  was 
placed  in  one  day.  On  the  two  ends  and  one  side  of  the  basin,  the 
counterforts  were  constructed  on  the  exterior  of  the  basin  to  support 
about  10  feet  of  earth.  But  on  one  side  it  would  have  been  necessary 
to  remove  rock  6  to  8  feet  in  thickness  to  make  room  for  the  counter- 
forts, had  they  been  constructed  on  the  exterior  of  the  basin.  There- 
fore they  were  constructed  inside  of  the  basin.  If  both  faces  of  the 
vertical  wall  had  been  reinforced,  the  same  as  the  one  shown,  then 
the  wall  would  have  been  able  to  resist  an  outward  or  inward  pressure, 
and  the  "piers"  would  act  as  counterforts  or  buttresses,  depending  on 
whether  they  were  in  tension  or  in  compression. 
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The  concrete  used  consisted  of  1  part  Portland  cement,  3  parts 
sjinil,  and  5  parts  cnished  -slone.  The  stone  was  graded  in  sizefroin 
]-in<li  as  the  minimum  to  J-inch  as  the  maximum  size.  Squaw- 
sectioned  deformed  Iwirs  were  used  as  the  steel  reinforcement.  The 
forms  were  constnirted  in  units  so  tliat  they  couUl  be  put  up  and  taken 
down  quickly. 

The  size  and  spacing  of  the  Imrs  in  the  ivalls  of  the  circular  tanks, 
are  shown  in  Fig.  209.  The  framework  of  the  forms  to  which  the 
liifi^tin}!;  was  fastened  was  cut. to  the  desired  cun'e  at  a  planing  mill. 


Fig.  !09.    Section  of  Water  Basin  WnlL  Fig.  SOB.    Section  ot  Tank. 

This  framing  was  cut  from  2  by  12-inc!i  lumber.     The  lagging  was 
J  iiirli  thick,  and  surfaced  on  one  side, 

301.  Main  Intercepting  Sewer.  In  the  development  of  sewage 
puriGcation  work  at  Watcrbury,  Conn,,  the  coustniction  of  a  main 
intcrccpling  .sower  was  ji  nere.s.sily.  This  sewer  is  three  miles  long. 
It  is  of  horseshoe  .sh:i[>e,  4  feet  fi  inches  by  4  feet  5  inches,  and  is  con- 
slnicteil  i)f  reinforced  concri'te.  The  details  are  tllu.stratcd  in  Fig. 
210. 
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The  trench  excavations  were  principally  through  water-bearing 
gravel,  the  gravel  ranging  from  coarse  to  fine.  Some  rock  was  en- 
countoretl  in  the  trench  excavations.  It  was  a  granite^eiss  of 
irregiilar  fracture,  and  cost,  with  liilH)r  at  17\  cents  per  hour,  about 
.$2.0(1  per  cubic  yard  to  remove  it.  Much  trench  work  ha.s  varic<l 
in  depth  from  20  to  2(i  feet.  Owing  to  the  vaning  conditions,  it  was 
necessary  to  vary  the  sewer  section  somewhat.  Frequently  the  footing 
course  was  extended.  However,  the  .section  sliown  in  the  figure  is 
the  normal  section. 

The  concrete  «is  mi\ed  nn  «tt  and  poured  info  pncticilly 
water-tight  forms,  llu  pn)port  ons  iistd  wen  1  |>.irt  \tlis  Portland 
cement  to  7\  parts  ^ 

of  aggregate,  grad- 
ed to  secure  a  den.se 
concrete.  Care  was 
used  in  placing  the 
concrete,  and  very 
smooth  surfaces 
were  secured. 
Plastering  of  llir 
surfaces  was 
avoided.  Any  voids 
were  .groulecl  or 
po  i  nV^jl^  a  n  •! 
smoothed     with      a  FiB-^'O.    Ini,.r.r>..i.tiiieSewerat  Wi».'rljury.Conn. 

wooden  float.  Expanded  metal  and  square  twiste<l  l)ars  were  used  in 
different  parts  of  the  work.  In  Fig.  210,  the  .size  and  spacing  of  the 
bars  are  shown.  The  bars  were  bent  to  their  require<i  shape  l)efore 
they  were  lowered  into  the  excavation. 

The  forms  in  general  were  constructed  as  shown  in  the  figure. 
The  inverted  section  was  built  as  the  first  operation;and  after  the 
surface  was  thoroughly  tro^i-eled,  the  .section  was  allowed  to  .set  3fi 
to  48  hours  before  the  concreting  of  the  an-h  section  was  Wgun,  The 
lagging  was  J  inch  thick,  with  tongiied-and-grooved  radial  joints,  and 
toe-nailed  to  the  2-inch  plank  ribs.  The  exterior  cun"e  was  planed 
and  scraped  to  a  true  surface.  The  vertical  sides  of  the  inner  forms 
are  readily  removable,  and  the  semicircular  arch  above  is  hinged  at 
the  soffit  and  is  collnjwible.  The  first  cost  of  tliese  forms  has  averaged 
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$18.00  for  10  feet  of  length;  and  the  cost  of  the  forms  per  foot  of 
sewer  built,  including  first  cost  and  maintenance,  averaged  10  cents. 
Petrolene,  a  crude  jx^troleum,  was  found  very  effective  in  preventing 
the  concrete  from  adhering  to  the  forms. 

A  mile  and  a-half  of  the  sewer  has  l)een  completed  (May,  1908), 
and  is  in  use,  all  of  which  has  l^en  constructed  in  water-bearing  soil; 
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Fig.  211.    Section  of  Bronx  Sewer,  New  York. 


and  the  greater 
part  of  it  hjis  l)een 
4  to  12  feet  below 
the  ground-water 
level .  The  in  terior 
surface  in  this 
length  subjected  to 
percolation  is  118,- 
000  square  feet. 
The  total  seepage 
from  this  area  has 
been  less  than  0.03 
cubic  foot  per  sec- 
ond. 


Cost  records  ke[>t  under  the  several  contracts  and  a.sscinblcd  into 

a  (•()nn)()sitc  fonn,  show  wliat  is  considered  to  Ix*  the  nonnal  cost  of 

tills  section  under  the  local  conditions.     Conmion  labor  averaged  \1\ 

cents,  su I >- foremen  oO  cents,  and  general  foivmen  50  cents  pt*r  hour. 

Normal  Cost  per  Linear  Foot  of  53  by  54-Inch  Reinforced -Concrete 
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A\'oo(len  exterior  forms,  cost,  maintenance,  and  depreciation 

( )peration  of  forms 

( 'o;i1  in*::  oil 

Mi\in«:  concrete 

IMacin;^  concrete 

Scre<'dinL!:  and  fini.shin«r  invert 
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0.  l.').')  en.  yd.  broken  sione  at  .'jl.lO 

I'^inislnniT  interior  sm'face 

S])rinklin;^  and  wetting  completed  work 

Total  cost  j)er  linear  foot §2 

This  is  e(juivalent  to  a  cost  of  .§9.02  jx*r  cubic  yard. 


4.*^ 
14 
12 
().') 

10 
01 
M) 
27 
OS 
OS 
71 
09 
47 
01 
02 

97 


^QQ 


SIASOXRY  AXD  REIXFORCED  COXCRETK 


349 


302.  Bronx  Sewer,  New  York.  In  Fig.  211  is  siiown  a,  section 
of  one  of  the  bran<'li  sewers  that  is  being  c-onstnicted  in  tlie  IJonmgh 
of  tlie  Bronx,  New  York  City.  A  large  part  of  this  sewer  is  kn^ateil 
in  a  salt  marsh  where  water  and  unstable  soil  make  constniction  work 
very  <lifficult.  Hie  general  elevation  of  the  marsh  i.s  1.5  feet  al«)ve 
mean  Iiigh  water.  In  constructing  this  sewer  in  the  marsh,  it  is 
necessary  to  construct  a  pile  foundation  to  support  the  sf^wer  The 
foimdatlon  is  capped  with  reinforced  I'oncrete;  and  then  the  .sewer, 
as  shown  in  the  section,  is  c<mstruefed  on  the  pile  foundation.  The 
concrete  for  (his  work  is  composed  of  1  piirt  Portland  c'cmenl,  '2\ 
parts  sand,  and  i)  [>arts  trap  rock.  The  rock  was  cnishcd  to  [wss  a 
J-incli  screen.  "Ransome"  twisted  bars  were  used  for  the  reinforce- 
ment in  tliis  work. 

39.3.  Girder  Bridge.  The  reinf<irc-e<]-concn'te  bridge  shown 
in  Pig.  212  was  constructed  near  AHeutown,  Pimisylvania ,  in  liX)?. 


1 

Ip  iJw™,' 

1 

\m3'u../''Ti^''i} 

This  type  of  bridge  has  Ik'CU  found  to  lie  economical  for  short  si»an.s. 
Woni-out  wooden  and  steel  highway  bridges  are  in  general  Ix'ing 
replaced  with  reinforced-concrcte  bridges,  and  usually  at  a  cost  less 
tlian  that  of  a  steel  bridge  of  die  same  strength.  Steel  bridges  shoulil 
be  painte<l  every  year;  and  plank  floors,  as  <oniiiionly  used  in  high- 
way bridges,  re<|uire  ainittst  constiint  attention,  and  must  lieentirely 
renewed  several  times  <luring  the  life  of  a  bridge.  A  rcinforccd-<'on- 
crete  briiige,  however,  is  entirely  free  of  tliest-  exiR-nses,  and  its  life 
should  at  least  be  etjual  to  that  of  a  stone  arch.     From  an  architee- 
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tiiral   standpoint,   a   well-finished    concrete    bridge   c-onijxires  very 
favorably  with  a  cut-stone  arch. 

The  bridge  shown  in  Fig.  212  is  16  feet  wide,  and  has  a  dear 
span  of  30  feet.  It  was  designed  to  carry  a  uniformly  distributed 
load  of  150  pounds  per  square  foot,  or  a  stt*el  roiid-roUer  weighing;  lo 
tons,  the  road-n)ller  having  the  following  dimensions:  The  width 
of  the  front  roller  is  4  feet;  and  of  each  rear  roller,  20  inches;  the  dis- 
tance apart  of  the  two  rear  rollers  is  5  feet,  centcT  to  ci»nter;  and 
the  distance  between  front  and  rear  rollers  is  11  feet,  center  to  cen- 
ter; the  weight  on  the  front  roller  is  G  tons,  and  4.5  tons  on  each  of 
the  rt*ar  rollers. 

In  designing  this  bridge,  the  slab  wjis  designed  to  carry  a  live 
load  of  4.5  tons  on  a  width  of  20  inches,  when  placed  at  the  middle  of 
the  span,  togi»ther  with  the  dead  load  consisting  of  the  weight  of  the 
macadam  and  the  slab.  The  load  considered  in  designing  the  cross- 
l^eams,  consisted  of  the  dead  load — weight  of  the  macadam,  slab,  and 
lx*am — and  a  live  load  of  6  tons  placed  at  the  center  of  the  span  of  the 
beam,  which  was  designed  as  a  T-beam.  In  designing  each  of  the 
longitudinal  girders,  the  live  load  was  taken  as  a  uniformly  distribute<l 
load  of  150  pounds  per  square  foot  over  one-hulf  of  the  floor  area  of 
the  bridge.  The  live  load  was  increased  20  per  cent  over  the  live 
load  given  above,  to  allow  for  impact. 

In  a  bridge  of  this  type,  longitudinal  girders  act  as  a  j)arajK*t,  as 
well  as  the  main  members  of  the  bridge.  The  concrete  for  this  work 
was  composed  of  1  part  Pordand  cement,  2  parts  sand,  and  4  parts 
1-inch  stone.     Corrugatc^d  bars  were  used  as  the  reinforcing  steel. 

When  there  is  sufficient  headroom,  all  the  beams  can  be  con- 
structed in  the  longitudinal  dirtTtion  of  the  bridge,  and  are  under  the 
slab.  The  parajx^t  may  be  constructed  of  concrete;  or  a  cheajx»r 
method  is  to  construct  a  handrailing  with  H-inch  or  2-inch  pipe. 
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PART  V 


THEORY  OF  ARCHES 

394.  The  mechanics  of  the  arch  are  almost  invariably  solved 
by  a  graphical  method,  or  by  a  combination  of  the  graphical  method 
with  numerical  calculations.  This  is  done,  not  only  because  it  simpli- 
fies the  work,  but  also  because,  although  the  accuracy  of  the  graphical 
method  is  somewhat  limited,  yet,  with  careful  work,  it  may  easily  Ixj 
made  even  more  accurate  than  is  necessary,  considering  the  uncer- 
tainty as  to  the  true  ultimate  strength  of  the  masonry  used.  The 
development  of  this  graphical  metho(i  must  necessarily  follow  the 
same  lines  as  in  Statics.  It  is  here  assumed  that  the  student  has  a 
knowledge  of  Statics,  and  that 
he  already  understands  the  graph- 
ical method  of  representing  the 
magnitude,  direction,  and  line  of 
application  of  a  force.  Several  of 
the  theorems  or  general  laws  re- 
garding the  composition  and  reso- 
lution of  forces  will  be  brieflv 
reviewed  as  a  preliminary  to  the 

proof  of  those  laws  of  graphical  Fig.  213.    Uosnltant  of  Two  Forcos. 

statics  which  are  especially  applied  in   computing  the  stresses   in 
an  arch. 

395.  Resultant  of  Two  Forces.  The  resultant  of  two  forces, 
A  and  B,  which  are  not  parallel,  whose  lines  of  action  are  as  shown 
in  Fig.  213a,  and  which  are  measured  by  the  lengths  of  the  lines 
A  and  B  in  diagram  h,  is  readily  found  by  producing  the  lines  of 
action  to  their  intersection  at  c.     T'he  two  known  forces  are  drawn  in 
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diagram  b  so  that  their  direction  is  parallel  to  the  known  directions 
of  the  forces,  and  so  that  the  point  of  one  force  is  at  the  butt  end  of  the 
other.  Then  the  line  jR  joining  the  points  m  and  n  in  diagram  b 
gives  the  direction  of  the  resultant;  and  a  line  through  c  parallel  to 
that  direction,  gives  the  actual  line  of  that  resultant.  The  line  mn 
also  measures  the  amount  of  the  resultant.  Note  that  diagram  6  is  a 
clo,scd  figure.  If  an  arrow  is  marked  on  jR  so  that  it  points  upward, 
the  arrows  on  the  forces  would  run  continucmsly  around  the  figure. 
If  R  were  acting  upward,  it  would  represent  the  force  which  would 
just  hold  A  and  B  in  equilibrium;  pointing  downward,  it  is  the  re- 
sultant or  combined  effect  of  the  two  forces.  We  may  thus  define  the 
resultant  of  two  (or  more)  forces  as  the  force  which  is  the  equal  and 
opposite  of  that  force  which  will  just  hold  that  combination  of  forces 
in  equilibriiun. 

396.    Resultant  of  Three  or  More  Forces.   This  may  be  solved  by 

an  extension  of  the 
method  previously 
given  as  shown  in 
Fig.  213.  The  re- 
sultant  of  B  and  C 
(see  Fig.  214)  is  R'; 
and  this  is  readily 
combined  with  A, 
giving  R'  as  the  re- 
sultant of  all  three 
forces.  The  same 
])rin('ipl('  may  1k^  extended  to  any  number  of  non-f)arallel  forces  acting 
in  a  plane.  The  resultant  of  four  non-parallel  forces  is  best  deter- 
niini'd  by  finding:,  first,  the  resultant  of  each  pair  of  the  forces  tiiken 
two  and  two.  Then  the  resnltiint  of  the  two  resultants  is  found, 
just  as  if  each  R'sultant  were  a  single  force. 

.'^07.  Resultant  of  Two  or  More  Parallel  Forces.  When  the 
forces  are  all  parallel,  the  direction  of  the  resultant  is  parallel  to  the 
cornjx)nent  forces;  the  amount  is  equal  to  the  sum  of  the  component 
forces;  hut  the  line  of  action  of  the  resultant  is  not  determinable  as 
ill  the  above  cases,  since  the  forces  do  not  intersect.  It  is  a  principle 
of  Statics  which  is  easily  appreciated,  that  it  does  not  alter  the  statics 
of  any  combination  of  forces  to  assume  that  two  equal  and  opposite 


Fig,  214.    Resultant  of  Three  Forces. 
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forces  arc  applied  along  any  line  of  action.  From  Fig.  215  h,  wo  see 
that  the  forces  F  and  G  will  hold  .1  in  equilibrium;  that  G  and  // 
will  hold  B  in  ecjuilibrium ;  and  that  //  and  K  will  hold  C  in  ec|uilil)- 
rium.  But  the  force  G  re(|uired  to  hold  A  in  efjuilihriuni  is  tlie 
Cfiual  and  oppoaiic  of  the  fora*  G  TVi[\\\TV(\  to  hold  B  in  ecjuilihriuni ; 
and  similarly  the  forcv  //  for  B  is  the  ecjual  and  opposite  of  (he  II 
for  C.  We  thus  find  that  the  forws  -1,  B,  and  C  can  l)e  held  in  e(juilil)- 
rium  by  an  unbalanced  force  h\  two  equal  and  opposite  forces  G, 
two  equal  and  opposite  forcc\s  //,  and  the  unbalancinl  force  K.  The 
net  result,  therefore,  is  that  A,  B,  and  C  aw  held  in  e(|uilil)riuni  by 
the  two  forces  Fand  A'.  The  resultant  /{  is  the  sum  of  .1,  B,  and  (!; 
and  therefore*  the  combined-load  line  represiiits  the  resultant  R. 
The  external  lines  of  diagram  h  show  that  /'',  /\,  and  R  form  a  dosed 
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FIl:.  215.     ICiiuilibrnim  Polyjjoii  with  Obliinu' Clnsiii;!  I.iiu*. 

figure  with  the  arrows  running  continuously  around  the  figun*;  and 
that  F  and  A'  are  two  forces  wliich  hold  /?,  tlie  rcsulUmt  of  J,  By  and 
C,  in  equilibrium.  By  producing  the  lines  representing  the  forces 
Fand  K  in  diagram  a  until  they  intersect  at  .r,  we  may  draw  a  vertical 
line  through  it  which  gives  tlie  desired  line  of  action  of  R.  '^Hiis  is  in 
accordance  with  the  principles  given  in  the  previous  article. 

Nothing  was  said  as  to  how  F,  G,  II,  and  A'  were  drawn  in  a 
and  h.  These  forces  simply  re])resent  one  of  an  infinite  numl>er  of 
combinations  of  forces  which  would  produce  the  same  result.  The 
point  o  is  chosen  at  random,  and  lines  (called  raffs)  are  tlrawn  to  the 
extn*mities  of  all  the  forces.  The  lines  of  force  (J,  B,  and  C)  in 
diagram  b  (which  is  called  the  jnrce  diagram),  are  togetjier  called  the 
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had  line.  The  line  of  forces  (F,  G,  H,  and  K)  in  diagram  a,  together 
with  the  closing  line  yz,  is  called  an  equilibrium  polygon, 

398.  Statics  of  a  Linear  Arch.  We  shall  assume  that  the  lines 
in  Fig.  215  by  which  we  have  represented  forces  F,  G,  H,  and  K 
represent  struts  which  are  hinged  at  their  intersections  with  the  forces 
A,  Bj  and  C,  which  represent  loads;  and  that  the  two  end  struts  F  and 
K  are  hinged  at  two  abutments  located  at  y  and  z.  Then  all  of  the 
struts  will  be  in  compression,  and  the  rays  of  the  force  dia- 
gram will  represent,  at  the  same  scale  as  that  employed  to  repre- 
sent forces  or  loads  A,  5,  and  C,  the  compression  in  each  of  the  stmts. 
In  the  force  diagram,  draw  a  line  from  o,  parallel  with  the  b'ne  yz.  It 
intersects  the  load  line  in  the  point  n.  Considering  the  triangle  opn 
as  a  force  diagram,  op  represents  the  force  F,  while  jm  and  on  may 
represent  the  direction  and  amount  of  two  forces  which  will  hold  F 
in  equilibrium.  Therefore  pn  would  represent  the  amount  and 
direction  of  the  vertical  component  of  the  abutment  reaction  at  y,  and 
on  would  represent  the  component  in  the  direction  of  yz.  Similarly 
we  may  consider  the  triangle  onq  as  a  force  diagram;  that  nq  repre- 
sents the  vertical  component  fl",  and  that  on  represents  the  component 
in  the  direction  zy.  Since  on  is  common  to  both  of  these  force  tri- 
angles, they  neutralize  each  other,  and  the  net  resultant  of  the  two 
forces  F  and  K  is  the  two  vertical  forces  R  and  /?";  but  since  the 
n^sultant  7?  is  the  rosultjint  of  F  and  A',  we  may  say  that  /?'  and  i?" 
are  two  vertical  forces  whose  combined  effect  is  the  equal  and 
opposite  of  the  force  /?.  Ahhough  an  indefinite  number  of  com- 
binations of  forces  could  Ix^gin  and  end  at  the  points  //  and  z,  and 
could  produce  equilibrium  with  the  forces  J,  B,  and  (\  the  forces 
/?'  and  7?"  are  independent  of  that  particular  combination  of  struts, 
F,  G,  //.  and  K. 

309.  Graphical  Demonstration  of  Laws  of  Statics  by  Student. 
The  student  should  test  all  this  work  in  Statics  bv  drawing;  fi<:ures 
very  carefully  and  on  a  large  scale,  in  accordance  with  the  general 
instructions  as  described  in  the  sections,  and  should  purposely  make 
some  variation  in  the  relative  positions  and  amounts  of  the  forces 
from  those  iriflirated  bv  the  figures.  Rv  this  means  the  student  will 
be  able  to  obtain  a  virtual  demonstration  of  the  aeeuracv  of  the  laws 
of  Statics  as  formulated.  Tlie  student  should  idso  rememlKT  that 
die  laws  are  theoretically  perfect;  and  when  it  is  stated,  for  example, 
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that  certain  lines  should  be  parallel,  or  that  a  certain  line  drawn  in 
a  certiiin  way  should  intersect  some  certain  point,  the  mathematical 
laws  involved  are  j)erfect;  and  if  the  drawing  does  not  result  in  the 
expected  way,  it  either  proves  that  a  blunder  has  been  made,  or  it 
may  mean  that  the  general  method  is  correct,  but  that  the  drawing  is 
more  or  less  inaccurate. 

400.  Equilibrium  Polygon  with  Horizontal  Closing  Lines.  In 
Fig.  216,  have  been  drawn  the  same  forces  A,  5,  and  C,  having  the 
same  relative  positions  as  in  Fig.  215.  The  lines  of  action  of  the  two 
vertical  forces  R'  and  R"  have  also  l)een  drawn  in  the  same  relative 
position  as  in  Fig.  215.     The  point  n  has  also  been  located  on  the 

P 


Fig.  21C.    Equilibrium  Polygon  with  Horizontal  Closing  Line. 

load  line  in  the  same  position  as  in  Fig.  215.  Thus  far  the  lines  are 
a  repetition  of  those  already  drawn  in  Fig.  215,  the  remainder  of  the 
figure  lx*ing  omitted  for  simplicity.  Since  the  point  n  in  Fig.  215  is 
the  end  of  the  line  from  the  trial  pole  o,  which  is  parallel  to  the  closing 
line  yzy  and  since  the  point  n  is  a  definitely  fixed  point  and  determines 
the  abutment  reactions  regardless  of  the  position  of  the  trial  pole  o, 
we  may  draw  from  n  an  indefinite  horizontal  line,  such  as  no\  and 
we  know  that  the  pole  of  any  force  diagram  must  be  on  this  line  if 
the  closing  line  of  the  corresponding  equilibrium  polygon  is  to  he  a 
horizontal  line.  For  example,  we  shall  select  a  point  o'  on  this  line 
at  random.  From  o'  we  shall  draw  rays  to  the  points  p,  s,  r,  and  q. 
From  the  pohit  j/,  we  shall  dniw  a  line  parallel  to  o'p.  Where  this 
line  intersects  the  force  A ,  draw  a  line  parallel  to  the  ray  o^s,  AVhere 
this  intersects  the  force  i?,  draw  a  line  parallel  to  the  ray  o^r.  Where 
this  intersects  the  force  C,  draw  a  line  parallel  to  the  ray  o^q.    This 
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line  must  intersect  the  point  z',  which  is  on  a  horizontal  line  from  y. 
The  student  should  make  some  such  drawing  as  here  described,  and 
should  demonstrate  for  himself  the  accuracy  of  this  law.  This 
e(|uilibrium  polygon  is  men^ly  one  of  an  infinite  numl)er  which,  if 
acting  as  stmts,  would  hold  these  forc*es  in  equilibrium,  but  it  com- 
bines the  special  condition  that  it  shall  pass  through  the  points  y  and 
t! .  There  are  also  an  infinite  number  of  equilibrium  polygons  which 
will  hold  these  forces  in  equilibrium  and  which  will  pass  through  the 
points  2/ and  2'. 

We  may  also  impose  another  condition,  which  is  that  the  first 
line  of  the  equilibrium  polygon  shall  have  some  definite  direction,  such 
as  yL  In  this  case  the  ray  from  the  point  p  of  the  force  diagram  must 
be  parallel  to  yl:  and  where  this  line  intersects  the  horizontal  line  nx/ 
(produced  in  this  case),  is  the  required  position  for  the  pole  o".  Draw 
rays  from  o"  to  .<?,  r,  and  q,  continuing  the  equilibrium  polygon  by  lines 
which  are  respectively  parallel  to  these  rays.  As  a  check  on  the  work, 
the  last  line  of  the  equilibrium  polygon  which  is  parallel  to  o^q  should 
intersect  the  point  2'.  The  triangles  ykli  and  o'jm  have  their  sides 
respectively  parallel  to  each  other,  and  the  triangles  are  therefore 
similar,  ami  their  corresponding  sides  are  proportional,  and  we  may 
thcrcfon*  write  the  (»(|nati()]i : 

Also,  i'roin  {\\v  trian;^l(\s  /////  {\\\i\p"pii,  we  may  write  the  ])r()porti()n : 

f>"//   :  7//  ::  />;/   :  ///. 

From  these  two  proportions  we  may  derive  the  ])rop()rtion : 

but  i/n  and  (/V?  are  tlie  pole  distances  of  tlieir  resjxx'tive  force  diagrams, 
wliile  A7/  and  ///  are  interee|)ts  by  a  vertical  line  through  the  corre- 
sponding eqnilil)rium  ])()ly^^ons.  'J'he  j)roport'on  is  therefori'  a  j)roof, 
in  at  least  a  special  case,  of  the  «r<'n(Tal  law  that  the  j)erpendicular 
distances  from  the  poles  to  the  load  lines  of  any  two  force  diagrams 
are  inversc^ly  pro[)ortional  to  any  two  intercepts  in  the  corresponding 
e(|nilii)rinm  po]y<j:ons.  Tlie  above  pro[)ortions  prove  the  theortuii  for 
the  intercepts  ///;  and  ///.  A  similar  combination  of  proportions  would 
prove  it  for  any  vertical  intercept  between  //  and  //.  The  proof  of  this 
general  th(M)rem  for  intercepts  which  pass  thnuigh  other  lines  of  the 
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equilibrium  polygon,  is  more  complicated  and  tedious,  but  is  e(jually 
conclusive.  Therefore,  if  we  draw  any  vertical  intercept,  such  as 
tw),  we  may  write  out  the  general  proportion : 

In  this  proportion,  if  o^n  were  an  unknown  quantity,  or  the  position 
of  o''  were  unknown,  it  could  be  readily  obtained  by  drawing  two 
random  lines  as  shown  in  diagram  c,  and  laying  off  on  one  of  them 
the  distance  no\  and  on  the  other  line  the  distances  tm^  and  he.  Bv 
joining  v  and  o'  in  diagram  c,  and  drawing  a  line  from  t  parallel  to  vo', 
it  will  intersect  the  line  no'  produced,  in*  the  point  (f.  As  a  check, 
this  distance  to  o"  should  equal  the  distance  no''  in  diagram  h.  A 
practical  application  of  this  case,  and  one  that  is  extensively  employed 
in  arch  work,  is  the  requirement  that  the  equilibrium  polygon  shall  be 
drawn  so  that  it  shall  pass  through  three  points,  of  which  the  abut- 
ments are  two,  and  some  other  point  (such  as  v)  is  the  third.  After 
obtaining  a  trial  equilibrium  polygon  whose  closing  line  passes  through 
the  points  y  and  2/,  the  proper  position  for  the  pole  0"  which  shall  give 
the  equilibrium  polygon  that  will  pass  through  the  point  z\  may  he 
easily  determined  by  the  method  described  above. 

The  process  of  obtaining  an  equilibrium  polygon  for  parallel 
forces  which  shall  pass  through  two  given  abutment  points  and  a 
third  intermediate  point,  may  be  still  further  simplified  by  the  appli- 
cation of  another  property,  and  without  drawing  two  trial  e(|uilib- 
rium  polygons  before  we  can  draw  the  required  equilibrium  jX)lygon. 
It  may  be  demonstrated  that  if  the  pole  distance  from  the  pole  to  the 
load  line  is  unchanged,  all  the  vertical  intercepts  of  any  two  equilil)- 
rium  polygons  drawn  with  these  same  pole  distances  are  equal.  For 
example,  in  Fig.  215,  a  line  is  drawn  from  o,  vertically  upward  until 
it  intersects  the  horizontal  line  drawn  through  71  in  the  point  o".  This 
point  is  the  pole  of  another  equilibrium  polygon  whose  closing  line 
will  be  horizontal,  because  the  pole  lies  on  a  horizontal  line  from  the 
previously  determined  point  n  in  the  load  line.  Any  vertical  intt»r- 
cept  of  this  equilibrium  polygon  will  be  equal  to  the  corresponding 
intercept  on  the  first  trial  equilibrium  polygon;  dien»fore,  in  order  to 
draw  a  special  equilibrium  polygon  for  a  given  set  of  vertical  loads, 
the  polygon  to  pass  through  two  horizontal  abutment  points  and  a 
definite  third  point  between  them,  we  need  only  draw  first  a  trial  ecjui- 
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i.fihriuiii  polygon,  the  rays  in  the  force  diiigram  being  drawn  throuf^ 
f  avif  point  rhosen  as  a  pole.     Then,  if  we  dniw  a  line  from  tlie  triiil 
I  pole  which  sljall  l)e  ]>arallel  with  the  closing  line  of  this  lrial«|uilitv 
I  riimi   [lolygim,  the  line  will   inU-rsect  the   hiail  line  in  the  point  n. 
'  Drawing  u  hoHzontal  line  from  the  p<)inl  n  in  tiie  load  line,  we  haw 
the  /wiw  of  the  pole  of  the  desired  special  ecjuilibriitm  polygon.    Then 
draw  a  vertical  through  the  point  through  which  the  special  equilili- 
riiim  polygon  is  to  pass.    The  vertical  distance  of  this  point  alj 
tlie  line  joining  the  abutments,  is  tlie  required  intercept  of  the  true 
ec|uili!jriuni  polygon.    The  intersection  of  that  vertical  with  iJic  uppei 
line  and  the  closing  line  of  the  trial  equilibriuiit  polygon,  is  the  inter- 
cept of  the  trial  polygon.     The  pole  distance  of  the  true  equilibrium 
polygon  is  then  obtainc<i  by  tlie  application  of  Equation  46,  by  which 
the  pole  di.stances  are  declared  inversely  proportional  to  any  twi 
corresponding  intercepts  of  the  equilibrium  polygons. 

Another  n.'ieful  property,  which  will  lie  utilized  later,  and  which 
may  he  readily  verified  from  Figs.  215  and  211),  is  that,  no  matter 
what  equilibrium  polygon  may  be  drawn,  the  Iwo  extreme  lines  of  ihe 
eqnihbrium  polygon,  if  produced,  intersect  in  the  resultant  Jt;  there- 
fore, when  it  is  desired  to  draw  an  equilibrium  polygon  wliich  shall 
pass  through  any  two  abutment  points,  such  as  i/z  or  j/;:*,  we  may  draw 
from  these  two  abutment  ^MiinLs-,  two  lines  which  shall  intersect  at 
any  point  on  the  resultant  li.  We  may  then  draw  two  lines  which 
wnll  !te  re-sijectiy-ely  parallel  to  these  lines  from  the  extremities  p  am) 
t/  of  the  load  lines,  their  Intersection  giving  the  pole  of  the  correspond- 
ing force  diagram. 

401.  Equilibrium  Polygon  for  Non-Vertical  Forces.  The 
alwve  methfMl  is  rendered  especially  simple,  owing  to  tlie  fact  that  the 
forces  are  all  vertical.  When  the  forces  are  not  vertical,  llie  method 
l>ecomes  more  complicated.  The  principle  will  first  lie  illustrated 
by  the  problem  of  drawing  an  equilibrium  polygon  which  shall  puss 
through  the  points  y.  a,  and  v  m  Fig.  217.  Wc  shall  first  drav 
the  two  non-vertical  forces  in  the  force  diagram.  Tlie  resultant  1 
of  the  forces  ,'1  and  B  is  obtained  as  shown  in  Fig.  213.  UtiUzini 
the  ])roperty  referred  to  in  the  previous  article,  we  may  at  once 
two  lines  through  y  and  z  which  intersect  at  some  assumed  point  i 
on  the  resultant  R.  Drawing  lines  from  p  and  (/  parallel  respectiTeli 
to  ez  and  cy,  we  determine  the  point  o'  as  the  irial  pole  for  our 
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diagnun.  As  a  check  on  the  drawing,  the  line  joining  the  inter- 
sections h  and  c  should  l)e  parallel  to  the  ray  o\t,  thus  again  verifying 
one  of  the  laws  of  Statics.  If  the  line  be  is  produci*d  until  it  inttT- 
sects  the  line  yz  produced,  and  a  line  is  drawn  from  the  intersection  x 
through  the  required  point  v,  it  will  intersect  the  forces  A  and  B  in. 
the  points  d  and  g.  Then  dg  will  l)e  one  of  the  lines  of  the  required 
equilibrium  polygon.  By  drawing  lines  from  q  and  j)  parallel  to  yd 
and  zg,  we  find  their  intersection  o",  which  is  the  pole  of  the  required 
force  diagram.  There  are  two  checks  on  this  result:  (1)  the  line 
S(f  is  parallel  to  dg;  and  (2)  the  line  o^o''  is  horizontal. 

If  the  line  be  is  horizontal  or  nearly  so,  the  intersection  (x)  of 
be  and  ijz  j)roduc*ed  is  at  an  infinite  distance*  away,  or  is  at  least  ofl'  the 


Fig.  217.    Equilibrium  Polygon  through  Three  Chosen  Points. 

drawing.  If  be  is  actually  horizont'il,  the  line  dg  will  also  l)e  a  hori- 
zontid  line  jwissing  through  v.  When  be  is  not  horizontal,  but  is  so 
nearly  so  that  it  will  not  intersect  yz  at  a  convenient  point,  the  line 
dg  may  l)e  determined  as  is  indicated  by  the  dotted  lines  in  the  figurt*. 
S(»lect  any  point  on  the  line  yz,  such  as  the  point  o.  Through  the 
given  point  v,  draw  a  vertical  line  which  intersects  the  known  line  be 
in  the  point  k.  From  some  point  in  the  line  be  (such  as  the  point  b), 
draw  the  hori7X)ntal  line  bh  and  the  vertical  line  bn.  The  line  from  o 
through  k  intersects  the  horizontal  line  from  b  in  the  point  h.  From 
the  point  A,  drop  a  vertical;  this  intersects  the  line  av  produced,  in  the 
point  m.  From  m,  draw  a  horizontal  line  which  intersects  the  vertical 
line  from  b.    This  intersection  is  at  the  point  n.     The  line  im  forms 
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part  of  the  required  line  dg.  As  a  check  on  the  work,  the  lines  zg 
and  yd  should  intersect  at  some  point  /  on  the  force  R.  Another 
check  on  the  work,  which  the  student  should  make,  both  as  a  demon- 
stration of  the  law  and  as  a  proof  of  the  accuracy  of  his  work,  is  to 
select  some  other  point  on  the  line  yz  than  the  point  o,  and  likewise 
some  other  point  on  the  line  be  than  the  point  b,  and  make  another 
independent  solution  of  the  problem.  It  will  be  found  that  when 
the  drawing  is  accurate,  the  new  position  for  the  point  n  will  also  be 
on  the  line  dg. 

In  applying  the  above  principle  to  the  mechanics  of  an  arch, 
the  force  A  represents  the  resultant  of  all  the  forces  acting  on  the 
areh  on  one  side  of  the  point  v  through  which  the  desired  equilibrium 
polygon  is  required  to  pass;  and  the  force  B  is  the  resultant  of  all  the 
forces  on  the  other  side  of  that  point.  A  practical  illustration  of  this 
method  will  be  given  later. 

CONSTRUCTIVE  FEATURES  OF  MASONRY  ARCHES 

402.     Definitions  of  Terms  Pertaining  to  Arch  Masonry.    The 

following  are  definitions  of  technical  terms  frequendy  used  in  con- 
nection with  the  subject  of  arch  masonry  (see  Fig.  218) : 

Abutment — ^The  masonry  which  supports  an  arch  at  either  end, 
and  which  is  so  designed  that  it  can  resist  the  lateral  thrust  of  an 
arch. 

Arch  Sheeting — ^That  portion  of  an  arch  which  lies  between  the 
ring  stones. 

Backing — Masonrj'  which  is  placed  outside  of  or  above  the  ex- 
tmdos,  with  the  sole  purpose  of  furnishing  additional  weight  on  that 
[)ortion  of  the  arch ;  it  is  always  made  of  an  inferior  quality  of  masonrv* 
and  with  the  joints  approximately  horizontal. 

Coursing  Joint — A  joint  which  runs  continuously  from  one  face 
of  the  arch  to  the  other. 

Crown — The  highest  part  of  an  arch  ring. 

Extrados — ^The  upper  or  outer  surfaces  of  the  voussoirs  which 
compose  the  arch  ring. 

Haunch — ^That  portion  of  an  arch  which  is  between  the  crown 
and  the  skcwhack;  although  there  is  no  definite  limitation,  the  term 
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applies  generally  to  that  portion  of  the  arcli  ring  wliicli  i.s  approxi- 
mately half-way  between  the  crown  and  the  skewback. 

Heading  Joint — A  joint  between  two  consecutive  stones  in  any 
.string  course.  In  order  that  the  arch  shall  be  properly  Ix>n<le<l  to- 
gether, such  joints  are  purposely  ina<le  not  continuous. 

Intradoa — The  inner  or  lower  surface  of  an  arch.  The  term  i.s 
frequently  restrictet!  to  the  line  which  is  the  intersection  of  tlie  inner 
.surface  by  a  plane  which  is  perpendicular  to  tlie  axis  of  the  arch. 

Keyalone — ^The  voussoir  which  is  placed  at  the  crown  of  an 
arch. 

Parapet — ^The  wall  which  is  usually  built  above  the  span<lrel 
walls  and  above  the  level  of  the  roadway. 

Ri.te — The  vertical  height  of  the  l>ottom  of  the  keystone  above 
the  plane  of  the  skew  backs. 


Ring  Stones — The  voussoirs  which  fonn  the  arch  ring  at  each  end 
of  the  arch. 

Skevbacks — The  top  course  of  stones  on  the  abutments.  The 
upper  surfaces  of  the  stones  are  cut  at  such  an  angle  that  the  surfaces 
are  approximately  perpendicular  to  the  (lirection  of  the  thrust  of  the 
arch. 

Soffil — ^The  inner  or  lower  surface  of  an  arch. 

Span — The  perpendicular  distance  between  the  two  springing 
lines  of  an  arch. 

Spandrel — The  spam  Ijetween  the  extrailos  of  an  arch  and  the 
roatiway.     The  walls  al>ove  tlie  ring  stones  at  the  en<iM  of  the  arch,  are 
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called  spatidrel  walls.  The  material  deposited  between  the  spandrel 
walls  and  in  this  spandrel  space,  is  called  the  spandrel  fiUing, 

Springer — The  first  arch  stone  above  a  skewlmck. 

Springing  Line — ^The  upper  (and  inner)  edge  of  the  line  of  skew-- 
backs  on  an  abutment. 

String  Course — A  course  of  voussoirs  of  the  same  width  (per- 
pendicular to  the  axis  of  the  arch),  which  extt»nds  from  one  arch  face 
to  the  other. 

Voussoirs — The  separate  stones  forming  an  arch  ring. 

KINDS  OF  ARCHES 

403.  Arches  are  variously  described  according  to  the  shape  of 
the  intrados,  and  also  according  to  the  form  of  the  soffit: 

Basket-Handled  Arch — One  whose  intrados  consists  of  a  series  of 
circular  arcs  tangent  to  each  other.  They  are  usually  three-centered 
or  five-centered,  as  descril)ed  below. 

Catenarian  Arch — One  whose  intrados  is  the  mathematical  curve 
known  as  a  catenary, 

Circxdar  Arch — One  whose  intrados  is  the  arc  of  a  circle. 

Elliptical  Arch — One  whose  intrados  is  a  portion  of  an  el- 
lipse. 

llydrostaiic  Arch — One  whose  intrados  is  of  such  a  form  that  the 
ecjuilibrium  of  the  arch  is  dependent  upon  such  a  loadin*^  as  would  Ik* 
made  by  water, 

Poinicd  Arch — One  whose  intrados  consists  of  (wo  similar  curves 
which  meet  at  a  point  at  the  top  of  the  arch. 

Relieving  Arch—  An  arch  which  is  built  above  a  iintt  1,  which 
relieves  the  lintel  of  tlie  greater  portion  of  its  load. 

Right  Arch — An  arch  whose  soilit  is  a  cylinder,  and  whose  ends 
are  perpendicular  to  the  axis  of  tlie  arch. 

Segmental  Arch — One  whose  intrados  is  a  circular  arc  which  is 
less  tlian  a  semicircle. 

Semicircidar  Arch — One  whose  intrados  is  a  full  semicircle. 
Such  an  arch  is  also  called  a  full-centered  arch. 

Sli'enr  Arch — An  arch  whose  soffit  mav  or  mav  not  l)e  cvlindrical, 
but  whose  ends  are  not  jKTjx^ndicular  to  the  axis  of  the  arch.  They 
aR'  also  called  ohllijue  arches. 
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VOUSSOIR  ARCHES 

404,  Definition.  A  voussoir  arch  is  an  arch  composed  of 
separate  stones,  calleil  vousnoirs,  which  are  so  shaped  and  designed 
that  the  line  of  pressures  between  the  stones  is  approximately  |xt- 
pendicular  to  the  joints  lietwcen  the  stones.  So  far  as  it  affects  tlie 
mechanics  of  the  problem,  it  is  assumed  that  the  mortar  in  Ihc  joints 
between  the  voussoirs  acts  merely  as  a  cushion,  and  that  the  mortar 
has  no  tensile  strength  whatever,  even  if  the  pressure  at  any  joint 
should  l>e  such  as  to  develop  tensile  action.  It  is  this  feature  whieh 
constitutes  the  distinction  l»etwcen  a  voussoir  arch  and  an  clastic  areh, 
which  is  assumed  to  be  an  areh  of 
such  material  that  tensile  or  trans- 
verse stresses  may  Ix:  develop-d. 

405.  Distribution  of  the Pres-  1[| 
sure  between  Two  Voussoirs.  The 
unit-pressure  on  any  joint  is  as- 
sumed to  vary  in  accordance  with 
the  location  of  the  center  of  pres- 
sure, as  is  illustrated  in  Fig.  21!). 
In  the  first  ca.sc,  where  the  center 
of  pressure  is  over  the  center  of 
the  face  of  the  joint  and  is  per- 
pendicular to  il,  the  pri'ssure  will 
bcunirormlydistriliuted,  nndmay  ^i 
\k  represented,  as  in  Fig.  21 9a,  by 
a  series  of  arrows  whieh  are  all 
made  equal,  thus  representing 
equal  unit-pressures.  As  the  centi-r  of  pressure  \  .ir.is  from  the  center  of 
the  joint,  the  unit-pre-ssure  on  one  side  increases  and  the  imit-pressure 
on  the  other  side  decreases,  a.s  shown  in  Fig.  21!!  h.  The  trapezoid  in 
this  diagram  has  the  .same  area  as  the  rectangle  of  the  first  diagram 
(fl),  and  the  center  of  pressure  passes  thnjugli  the  center  of  gravity 
of  the  trapezoid.  As  the  center  of  pressure  continues  to  move  away 
from  the  center  of  the  joint,  the  unit-pressure-  on  one  side  becomes 
greater,  and  on  the  other  side  less,  until  the  center  of  pressure  is  at  a 
point  |\  of  the  wn'dth  of  the  joint  away  from  the  center.  In  this  case 
(c),the  center  of  pressure  is  at  the  extreme  edge  of  the  middle  third  of 
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the  joint.  The  group  of  pressures  illustrated  in  diagram  c  becomes 
a  triangle,  which  means  that  the  pressure  at  one  side  of  the  joint  has 
lx»come  just  equal  to  zero,  and  that  tlie  maximum  pressure  at  the 
other  side  of  the  joint  is  twice  the  average  pressure.  If  the  line  of 
pressure  varies  still  further  from  the  center  of  the  joint,  the  diagram 
of  pressures  will  always  l)e  a  triangle  whose  base  is  always  three  times 
the  distaince  of  the  center  of  pressure  from  the  nearest  edge  of  the  joint. 
If  the  total  prt\ssure  on  that  joint  remains  constant,  then  the  intensity 
of  pressure  on  one  side  of  the  joint  becomes  extreme,  and  may  be 
sufficient  to  crush  the  stone.  Also,  since  the  elasticity  of  the  stone 
(or  of  the  mortar  between  the  stones)  will  cause  the  stone  (or  mortar) 
to  yield,  the  yielding  being  proportional  to  the  pressure,  the  joint 
will  o/Hvi  at  the  other  side,  where  there  is  no  pressure.  In  accord- 
ance with  this  principle  of  the  distribution  of  pressure,  it  is  always 
sjxecified  that  a  design  for  an  arch  cannot  be  considered  safe  unless 
it  is  jK)ssible  to  draw  a  line  of  pressure  (an  equilibrium  polygon) 
which  shall  at  every  joint  pass  through  the  middle  third  of  that  joint. 
If  the  line  of  pressure  at  any  joint  does  not  pass  through  the  middle 
third,  it  means  that  such  a  joint  will  inevitably  open,  and  make  a  bad 
apjH^aranc-c,  even  thou^^^h  the  unit-presvsure  on  the  other  end  of  Uiat 
joint  is  not  so  <xrt*at  tliat  the  niasonrv  is  actuallv  crushed. 

Since  the  actual  crushing  strength  of  stone  is  a  rather  uncertain 
and  variable  (juantlty,  a  larger  factor  of  ^ifety  is  usually  employed 
with  stone  tlian  with  other  materials  of  construction.  This  factor 
is  usually  made  ten:  and  tliercfort*,  whenever  the  line  of  pressures 
passes  through  the  edge  of  the  middle  third,  the  average  unit-prt\ssure 
on  the  jo'nt  should  not  U'  givater  than  2V  ^f  the  crushing  strength  of 
th(*   stone. 

A  tabic  of  these  uhiniate  values  has  Ik'cu  given  in  Table  I,  Part  I 
(pagt*  10).  They  vary  from  aluait  .'>,()()()  pounds  j)er  s(juare  inch, 
for  a  sandstone  found  in  Colorado,  up  to  2S,(KK)  jMJunds  per  .square 
inch  for  a  granite  found  in  ^Minnesota.  The  weaker  stone  would  hard- 
Iv  \k'  selected  for  anv  important  work.  Usuallv  a  stone  \vho.se  ult- 
mate  stn'Ugth  is  1(),(H)()  pounds  [hm'  scjuare  inch  or  more,  would  Ik* 
selected  for  a  stone  arch.  Such  a  stone  could  Ik*  used  with  a  working' 
pix\ssun'  of  r)()()  pounds  |km*  scjuare  inch  at  any  joint,  assuming  that 
the  line  of  i)ressure  does  not  pass  outside  of  the  middle  third  at  anv 
jomt. 
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406.  External  Forces  Acting  on  an  Arch.  There  is  always 
some  uncertainty  regarding  the  actual  external  forces  acting  on 
ordinary  arches.  The  ordinary  stone  arch  consists  of  a  series  ot 
voussoirs,  which  are  overlaid  usually  with  a  mass  of  earth  or  cinders 
having  a  depth  of  perhaps  several  feet,  on  top  of  which  may  be  the 
pavement  of  a  roadway.  The  spandrel  walls  over  the  ends  of  the 
arch,  especially  when  made  of  squared  stone  masonry,  also  develop 
an  arch  action  of  their  own  which  materially  modifies  the  loading  on 
the  arch  rings.  As  this,  however,  invariably  assists  the  arch,  rather 
than  weakens  it,  no  modification  of  plan  is  essential  on  this  account. 
The  actual  pressure  of  the  earth  filling,  together  with  that  caused  by 
the  live  load  passing  over  the  arch,  on  any  one  stone,  is  uncertain  in 
very  much  the  same  way  as  the  pressure  on  a  retaining  wall  is  uncer- 
tain, as  previously  explained. 

The  simplest  plan  is  to  consider  that  each  voussoir  is  carrying  a 
load  of  earth  equal  to  that  indicated  by  lines  from  the  joints  in  the 
voussoir  vertically  upward  to  the 

surface.    The  development  of  the  Pav^^e  J^'^'^Jssl^^^fJi^j^JP^ 

graphical  method  makes  it  more         crrrn::^^-^^^!!; 
convenient  to  draw  what  is  called 
a  reditced  load  line  on  top  of  the     f^ 
arch,  in  which  the  depth  of  earth    I 

above   the  arch  is  reduced  in   the  Fig.  220,    Determination  of  Reduced 

Load  Line. 

ratio  of  the  relative  weights  per 

cubic  foot  of  the  earth  filling  and  of  the  stone  of  which  the 
arch  is  made  (see  Fig.  220).  Even  the  live  load  on  the  arch 
is  represented  in  the  same  manner,  by  an  additional  area  on 
top  of  the  reduced  line  for  the  earth  pressure,  the  depth  of  that  area 
being  made  in  proportion  to  the  intensity  of  the  live  load  compared 
with  the  unit-weight  of  stone.  For  example,  if  the  earth  filling  weighs 
100  pounds  per  cubic  foot,  and  the  stone  of  the  arch  weighs  160  pounds 
per  cubic  foot,  then  each  ordinate  for  the  earth  load  would  be  U  Jr  of 
the  actual  depth  of  the  earth.  Likewise,  if  the  live  load  per  square 
foot  on  the  arch  equals  120  pounds,  then  the  area  representing  the  live 
load  would  be  -}  |  J  of  a  foot,  according  to  the  scale  adopted  for  the 
arch.  The  weight  of  the  paving,  if  there  is  any,  should  be  similarly 
allowed  for.  If  we  draw  from  the  upper  end  of  each  joint  a  vertical 
line  extending  to  the  top  of  the  reduced  load  line,  then  the  area  between 
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line  must  intersect  the  point  2',  which  is  on  a  horizontal  line  from  y. 
The  student  should  make  some  such  drawing  as  here  described,  and 
should  demonstrate  for  himself  the  accuracy  of  this  law.  This 
ecjuilibrium  polygon  is  men*ly  one  of  an  infinite  number  which,  if 
acting  as  stmts,  would  hold  these  forces  in  equilibrium,  but  it  com- 
bines the  special  condition  that  it  shall  pass  through  tlie  points  y  and 
/.  There  are  also  an  infinite  numl^er  of  equilibrium  polygons  w^hich 
will  hold  these  forces  in  equilibrium  and  which  will  pass  through  the 
points  y  and  z'. 

We  may  also  impose  another  condition,  which  is  that  the  first 
line  of  the  equilibrium  polygon  shall  have  some  definite  direction,  such 
as  ijl.  In  this  case  the  ray  from  the  point  p  of  the  force  diagram  must 
be  parallel  to  yl;  and  where  this  line  intersects  the  horizontal  line  no' 
(produced  in  this  case),  is  the  required  position  for  the  pole  o'^.  Draw 
rays  from  o"  to  Sy  r,  and  9,  continuing  the  equilibrium  polygon  by  lines 
which  are  respectively  parallel  to  these  rays.  As  a  check  on  the  work, 
the  last  line  of  the  equilibrium  polygon  which  is  parallel  to  o^q  should 
intersect  the  point  2'.  The  triangles  ykh  and  o'pn  have  their  sides 
respectively  parallel  to  each  other,  and  the  triangles  are  therefore 
similar,  and  their  corresponding  sides  are  projx)rtional,  and  we  may 
thcrcfon*  write  the  ('(jiintion: 

Also,  from  the  trianj^lcs  /////  nndj/'p/,  we  may  write  the  proportion: 

(>"n   :  ifh  ::  pfi   :  ///. 
From  these  two  proportions  we  may  derive  the  proportion: 

hut  (/u  and  (/'n  arc  the  pole  distances  of  tlieir  r(\s|K^ctive  force  diagrams, 
while  A7/  and  ///  are  intercn^pts  by  a  vertical  line  through  the  corrt*- 
sj)()n(ling  e(juilil)rimn  polyj^ons.  The  proportion  is  therefort^  a  proof* 
in  at  least  a  special  ease,  of  the  general  law  that  the  jx'rjx'ndicular 
distances  from  the  poles  to  the  load  lines  of  any  two  force  diagrams 
are  inversely  proportional  to  any  two  intercepts  in  the  correspcMiding 
ecjuilibrinin  ])oly^ons.  The  above  proportions  prove  the  theorem  for 
the  intercepts  ///;  and  ///.  A  similar  combination  of  proportions  wouhl 
prove  it  for  any  vertical  int(Teept  l)etw( en  //  and  //.  The  proof  of  this 
general  theorem  for  intercepts  which  pass  throjigh  other  lines  of  the 
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sions  of  the  voiissoirs  to  the  span  of  the  arch,  the  errors  involved  l)y  the 
approximations  are  harmless,  while  the  additional  labor  nec^essary  for 
a  more  accurate  solution  would  not  be  justified  by  the  inappreciable 
difference  in  the  final  results. 

407.  Depth  of  Keystone.  The  proper  depth  of  keystone  for 
an  arch  should  theoreticidly  depend  on  the  totiil  pressure  on  the  key- 
stone of  the  arch  as  develojxid  from  the  force  diagram;  and  die  depth 
should  be  such  that  the  unit-pressure  shall  not  l)e  greater  than  a  safe 
working  load  on  that  stone.  But  since  we  cannot  compute  the  stre\sses 
in  the  arch,  unt'l  we  know,  at  least  approximately,  the  dimensions  of 
the  arch  and  its  thickness,  from  which  we  may  compute  the  dead 
weight  of  the  arch,  it  is  necessary  to  make  at  least  a  trial  determination 
of  the  thickness.  The  mechanics  of  such  an  arch  may  then  l)e  com- 
puted, and  a  correction  may  subsequently  l)e  made,  if  necessary. 
Usuallv  the  only  correction  which  would  l)e  made  woukl  l)e  to  increase 
the  thickness  of  the  arch,  in  case  it  was  found  that  the  unit-pressure 
on  any  voussoir  would  l>ecome  dangerously  high.  Tmutwine's 
Handbook  cjuotes  a  rule  which  he  declares  to  be  based  on  a  very 
large  numlxer  of  cases  that  were*  actually  worked  out  by  himself,  the 
cases  including  a  very  large  range  of  spans  and  of  ratios  of  span  to 
rise.  The  rule  is  easily  applied,  and  is  sufficiently  accurate  to  obtain 
a  trial  depth  of  the  keystone.  It  will  probably  l)e  seldom,  if  ever,  that 
the  depth  of  the  keystone,  as  detennined  by  this  rule,  would  need  to 
be  altennl.     The  rule  is  as  follows: 

Depth  of  Keystone,  in  feet  =  -^^l" tT^Ifi^I^'  +  0.2  foot  •  •  (47) 

For  architectural  reasons,  the  actual  keystone  of  an  arch  is 
usually  made  considerably  deeper  than  tlie  voussoirs  on  each  side  of 
it,  as  illustrated  in  Fig.  21(S.  When  computing  the  maximum  per- 
missible pressure  at  the  crown,  the  actual  depth  of  the  voussoirs  on 
each  side  of  the  keystone  is  used  as  the  depth  of  the  keystone;  or 
p^Thaps  it  would  l)e  more  accurate  to  say  that  the  extrados  is  drawn 
as  a  regular  curve  over  the  keystone  (as  illustrated  in  Fig.  228),  and 
then  any  extra  depth  which  may  subsecjuently  1k»  given  to  the  key- 
stone should  be  considere»d  as  mere  omamentiition  and  as  not  af- 
fecting the  mechanics  of  the  problem. 

408.  Numerical  Illustration.  The  alx)ve  principles  will  1h» 
applied  to  the  case  of  an  arch  having  a  span  of  20  feet  and  a  rise  of 
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librium  polygon,  the  rays  in  the  force  diagram  being  drawn  through 
any  point  chosen  as  a  pole.  Then,  if  we  draw  a  line  from  the  trial 
pole  which  shall  be  parallel  with  the  closing  line  of  this  trial  e<|uilib- 
riuni  polygon,  tlie  Jin^  will  intersect  the  load  line  in  the  point  n. 
Drawing  a  horizontal  line  from  the  point  n  in  the  load  line,  we  have 
the  loctui  of  the  pole  of  the  desired  special  equilibrium  polygon.  Then 
draw  a  vertical  through  the  point  through  which  the  special  equilib- 
rium polygon  is  to  pass.  The  vertical  distance  of  this  point  above 
the  line  joining  the  abutments,  is  the  required  intercept  of  the  true 
equilibrium  polygon.  The  intersection  of  that  vertical  with  the  upper 
line  and  the  closing  line  of  the  trial  equilibrium  polygon,  is  the  inter- 
cept of  the  trial  polygon.  The  pole  distance  of  the  true  equilibrium 
polygon  is  then  obtained  by  the  application  of  Equation  46,  by  which 
the  pole  distances  are  declared  inversely  proportional  to  any  two 
corresponding  intercepts  of  the  equilibrium  polygons. 

Another  useful  property,  which  will  be  utilized  later,  and  which 
may  be  readily  verified  from  Figs.  215  and  216,  is  that,  no  matter 
what  equilibrium  polygon  may  be  drawn,  the  two  extreme  lines  of  the 
equilibrium  polygon,  if  produced,  intersect  in  the  resultant  R;  there- 
fon\  when  it  is  desired  to  draw  an  equilibrium  polygon  which  shall 
pass  throu<^h  any  two  al)utment  points,  such  as  yz  or  yz\  we  may  draw 
from  these  two  abutment  ])oints,  two  lines  which  shall  intersect  at 
any  ])oint  on  tlie  resultant  R.  We  may  then  draw  two  lines  which 
will  1k^  resjK^ctively  parallel  to  these  lines  from  the  extremities  p  and 
q  of  the  load  lines,  their  intersection  giving  the  pole  of  the  correspond- 
ing force  diagram. 

401.  Equilibrium  Polygon  for  Non-Vertical  Forces.  The 
above  method  is  rendered  esjx'cially  simple,  owing  to  the  fact  that  the 
forces  are  all  vertical.  When  the  forces  are  not  vertical,  the  method 
becomes  more  complicated.  The  principle  will  first  l)e  illustrated 
by  the  problem  of  drawing  an  etjuilibrium  polygon  which  shall  pass 
through  the  points  y,  2,  and  v  in  Fig.  217.  We  shall  first  draw 
the  two  non-vertical  forces  in  the  force  diagram.  The  resultant  R 
of  the  forces  .1  and  B  is  obtained  as  shown  in  Fig.  213.  Utilizing 
the  property  referred  to  in  the  ]>revi()us  article,  we  may  at  once  draw 
two  lines  through  y  and  z  which  intersect  jit  some  assumed  point  e 
on  the  resultant  R.  Drawing  lines  from  p  and  q  parallel  respectively 
to  cz  and  ry,  we  detennine  the  point  o  as  the  trial  pole  for  our  force 
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librium  polygon,  the  rays  in  the  force  diagram  lx?ing  drawn  through 
any  point  chosen  as  a  pole.  Then,  if  we  draw  a  line  from  the  trial 
pole  which  shall  be  parallel  with  the  closing  line  of  this  trial  equilib- 
rium polygon,  tlie  Jin^  will  intersect  the  load  line  in  the  point  n. 
Drawing  a  horizontal  line  from  the  jxiint  n  in  the  load  line,  we  have 
the  lociUH  of  the  pole  of  the  desired  special  equilibrium  polygon.  Then 
draw  a  vertical  through  the  point  through  which  the  special  equilib- 
rium polygon  is  to  pass.  The  vertical  distance  of  this  point  above 
the  line  joining  the  abutments,  is  the  required  intercept  of  the  true 
equilibrium  jwlygon.  The  intersection  of  that  vertical  with  the  upper 
line  and  the  closing  line  of  the  trial  equilibrium  polygon,  is  the  inter- 
cept of  the  trial  polygon.  The  pole  distance  of  the  true  equilibrium 
polygon  is  then  obtained  by  the  application  of  Equation  46,  by  which 
the  pole  distances  are  declared  inversely  proportional  to  any  two 
corresponding  intercepts  of  the  equilibrium  polygons. 

Another  useful  property,  which  will  be  utiHzed  later,  and  which 
may  be  readily  verified  from  Figs.  215  and  210,  is  that,  no  matter 
what  equilibrium  polygon  may  be  drawn,  the  two  extreme  lines  of  the 
equilibrium  polygon,  if  produced,  intersect  in  the  resultant  R;  there- 
fort*,  when  it  is  desired  to  draw  an  equilibrium  polygon  which  shall 
pass  throuf^li  any  two  alnitnient  points,  such  as  yz  or  yz\  we  may  draw 
from  these  two  al)iitnicnt  ])oints,  two  lines  which  shall  intersect  at 
any  point  on  the  resultant  R.  We  mav  then  draw  two  lines  which 
will  1k»  res|x*ctively  parallel  to  these  lines  from  the  extrtMuities  p  and 
q  of  the  load  lines,  their  intersection  giving  the  pole  of  the  correspond- 
ing force  diagram. 

401.  Equilibrium  Polygon  for  Non- Vertical  Forces.  The 
above  method  is  rendered  especially  simple,  owing  to  the  fact  that  the 
forces  are  all  vertical.  When  the  forc^^s  are  not  vertical,  the  methocl 
])ec()mes  more  complicated.  The  principle  will  first  l)e  illustrated 
by  the  problem  of  drawing  an  equilibrium  polygon  which  shall  pass 
til  rough  the  points  ?/,  2,  and  v  in  Fig.  217.  We  shall  first  draw 
tlie  two  non-vertical  forc(\s  in  the  force  diagram.  The  resultant  R 
of  tlie  forces  .1  and  B  is  obtained  as  shown  in  Fig.  213.  Utilizing 
the  ])ro]XTty  referred  to  in  the  ])revious  article,  we  may  at  once  draw 
two  lines  through  y  and  /-  which  intersect  at  some  assumed  point  e 
on  the  resultant  R.  Drawing  lines  from  p  and  q  ])arallel  respectively 
to  cz  and  vy,  we  determine  the  point  o'  as  the  trial  pole  for  our  force 
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the  scaled  h»ngtli  of  the  [x^rpencHciilar  which  is  midway  l)etween  the 
verticals.  The  weight  of  the  voussoir  itself  may  \ye  computed  as 
accurately  as  necessary,  by  multiplying  the  radial  thickness  l)y  the 
length  Ijetween  the  joints  as  measured  on  the  curve  lying  half-way 
l)etween  the  intrados  and  the  extrados. 

For  examj)le,  the  load  for  full  loading  of  the  arch  which  is  over 
voussoir  No.  1,  is  measured  as  follows:  The  width  between  the  per- 
pendiculars is  2.0  feet;  the  height  measured  on  the  middle  vertical  is 
4.05  feet;  the  area  is  therefore  8.10  f(?et,  which,  multiplied  by  100, 
ecjuals  1,2%  j>ounds,  which  is  the  load  on  this  voussoir  for  every  foot 
of  width  of  the  arch  parallel  with  the  axis.  The  radial  thickness  of 
voussoir  No.  1  is  1.90  feet,  and  the  length  is  2.15  feet;  this  gives  an 
area  of  4.0S5  feet,  which/  multiplied  by  160,  equals  053.0  pounds. 
The  weight  of  the  voussoir  is  therefore  almost  exactly  one-half  that 
of  the  live  and  dead  loads  above  it;  therefore  the  resultant  of  these 
two  weights  will  he  almost  precisely  one-third  of  the  distance  l^etween 
the  center  of  this  stone  and  the  vertical  through  the  center  of  the  load- 
ing. By  drawing  this  line,  we  have  the  line  of  action  of  the  resultint 
of  thes^i  two  forces,  and  this  value  is  the  sum  of  1,296  and  654,  or 
1,950  i)ounds. 

In  order  to  simplify  the  figure,  the  arrows  representing  the  lines 
of  force  of  the  loading  on  the  voussoir  and  the  weight  of  the  voussoir 
have  l^een  omitted  from  the  figure,  and  only  their  resultant  is  drawn  in. 
It  was  of  course  necessary  to  draw  in  these  forces  in  jx^ncil  and  obtiiin 
the  position  of  the  rc^sultint,  as  explained  in  Fig.  221;  and  then,  for 
simplicity,  only  the  resultant  was  inked  in. 

'^riie  loads  on  the  other  voussoirs  arc  computed  similarly.  The 
numerical  values  for  the  loads  on  the  various  voussoirs  (including  the 
wTights  of  the  voussoirs),  are  tabulated  as  follows: 

FIRST  CONDITION  OF  LOADING 


VorHsoiu  No. 

Load 

W^KianT  or  Voi'hmoik 

Total 

1  and  1 1 

1 ,29G 

051 

1,950 

2      "    10 

1,135 

592 

1,727 

3      "     9 

1,010 

528 

1,538 

4      '*     8 

927 

483 

1,410 

6     "     7 

880 

456 

1,330 

() 

8G7 

455 

1,322 

391 
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Fee  iLif  £m  condrtion  of  loading,  the  total  loads  for  voussoirs  "Sw.  7,  S.  9, 
'A\.  tZii  II  vi!i  be  ibe  sume  as  those  for  voussoirs  5,  4,  .'i,  2,  and  1  rcs()ectivrly. 

Hie  lends  for  the  fieeond  condidoD  of  loading  are  found  l)y  using 
:}ie  ?;fcZDe  lead  on  ibe  fir>t  five  voussoirs,  but  with  only  half  of  the  live 
hHiC  i«i  Tinus^iir  No.  •»,  which  means  that  the  loa<l  for  the  first  con- 
■  I^tvc  c»f  Icodiiu:  1-322  pounds «  is  reduced  by  200  pounds,  making  it 
] .'  22  rw.fiiad?^  Vousjoirs  Nos-  7  to  11  are  each  re<luced  bv  40()  pounds. 
T^je  :i*Uil  kad  for  each  voussoir  is  as  tabulated  Ijelow. 

The  jonds  fc«r  the  third  contiition  of  loading  are  found  hv  usin^r 
ibf  stuff  x*4i^  as  w^re  emplovetl  for  the  second  condition,  exrt*j)t  tlwt 
f.c  I- •'^sj* /.rs  Nvis.  ->  and  4.  l,tTi*»  pounds  should  l)e  addeti  to  each 
J  i&i.    Tbefie  k«ds  aiv-  alfo  tabulated  below: 

>r:>  Vr  *>'\PTT10X  i  T  THIRD  CONDITION  OF 

1  \i>:x-:.  n»ADiNr; 


T.  :^.:i  N 


T.TiL.  -U-^-: 

Y 

.»T*<*4'iIK    N«» 

T«>TM    LfiAl» 

:  r.J»:* 

1 

i.ia) 

•     «>-v» 

-"» 

1 .7J7 

.    .  i*.  • 

:  ?;'.> 

3 

3.i;is 

:  Ai: 

4 

xoiu 

'.M>: 

5 

l,:i:iii 

-    -  **;' 

6 

1,122 

• 

WM) 

X 

1,010 

:  :> 

VI 

• 

m:is 

t»-»^ 

^  Ti 

1.^27 

.  ro. 

•«k    m 

1.550 

y"^  22~  iTLy  .  i^jT-Tu.  -7  imvT.  i:  :bf-  ^olV  of  *  inch  =  1  f(K)t,  and 
-•:■  :>  :  '•>  -.j^r^T:  i:  :ib;  -^-rti;  :c  I-Vi'  p»v:i.»l<  per  inch.  ITie 
:.-.  :  'j^j.'.i' ■:  '^7i''.«".  «  ■?•  c  ra.>  .•:  xct^  :c*ir.i>rv:  ihrse  scrales  sonie- 
V  \:.:       T":*:   >r.»i:'T:  -ri.i.i.:  -^vv^"*  tSe    r^-Tv   Si\   ihe>*»  s<-jiles,  and 

4".        IVx»vr|:  rSi  Laa£  Umt  fee  Ae  Rrst  C<nfition  of  Loading. 

^""r*:  -  vr:  iX.  \  .<  -.-  '  "t:  .v.>r'~'t.7r-£  f  r  rr*r  fc.d:>r  airh.  the  load  is 
-  ~  .r.r  r-'.'i.  i.T».i!  t^*:  TtT*:* .  T.  :•;•->■>■?  ;iTi  '  ;c»f— hi.":  . :  ihe  arc-h.  Tlie 
-*.  ?.  ■:>  :'  '.  f.  '•  4:  .:  :"•:  :*  r  :*••  *  '^"^  ;:a»r"xn  -•^.•TT^f^ix^ndini:  to  this 
■.'.:..:  "  •  ::.  -  7^  '  --  *  "J  V-  :.-  :  \-,i;j  -»:••.  -  >  li'.";  :n  Article 397. 
>.  .  r  \f^  ;  "•  [-  '  '::  ■'  •  i:-  ^.Z  •-  .*o  »- "^^ .  t  ."■  t^-  futirelv 
.^:o.-. .       ^.-.'  -  :»;   ■  i'      -  -  "     -•   ^' '-    •  ■'       •    :  ■»  "■»-:  T^  art'  at  the 
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same  elevation,  we  need  only  draw  a  horizontal  lino  from  the  lower 
end  of  the  /iai/-loa(l  line,  and  select  on  it  a  trial  position  (o,)  for  the 
pole,  drawing  the  rays  .as  previously  explained;  the  (rial equilibrium 
polygon  passes  through  the  center  vertical  at  the  point  a'.  Drawing 
a  horizontal  line  from  a'  until  it  intersects  the  first  line  (pnxhiced)  of 
the  trial  equilibrium  polygon,  and  drawing  through  it  a  vertical  line, 
we  have  the  line  of  action  of  the  resultant  (it,)  of  all  the  forces  on  Ihaf 
half  of  the  arch.  If  we  draw  through  a,  the  center  of  the  keystone,  a 
horizontal  line,  its  intersection  with  fi,  gives  a  point  in  the  first  lino 
(pnxhiced)  of  the  tnie  equilibrium  polygon.  A  line  fr<im  tlio  upper 
end  of  the  loud  line  parallel  to  this  first  section  of  the  true  equilibrium 


polygon,  intersects  the  horizontal  line  through  (he  middle  of  the  load 
line  at  o',  which  is  the  position  of  the  true  pole.  Drawing  the  rays 
from  the  true  pole  to  the  load  line,  and  drawing  the  segments  of  tlie 
true  equilibrium  polygon  parallel  to  these  rays,  we  may  at  once  test 
whether  the  true  equilibrium  polygon  always  passes  through  the 
middle  third  of  each  joint.  As  is  almost  invariably  the  case,  it  is 
found  tliat  for  full  huuling,  the  true  eijuilibrium  polygon  passes  within 
the  middle  third  at  every  joint. 
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The  student  shouKl  carefully  check  over  all  tliese  calcula- 
tions, ilniwing  the  arch  at  the  scale  of  one-half  inch  to  the  foot,  and 
the  load  line  of  the  force  diagram  at  the  scale  of  1,500  pounds  per 
inch;  then  the  rays  of  the  true  equilibrium  polygon  will  represent  at 
that  scale  the  pressure  at  the  joints.  Dividing  the  total  depth  of  any 
joint  1)V  the  pressure  found  at  that  joint,  gives  the  average  pressure. 
In  the  case  of  the  joint  at  the  crown,  the  total  pressure  at  the  joint  is 
lo,0(K)  [)ounds.  The  depth  of  the  joint  is  1.5  feet,  and  the  area  of  the 
joint  is  21(>  sc|uare  inches;  therefore  the  average  unit-pressure  is  G4 
|x>un<ls  pt»r  sc|uare  inch;  if  it  is  assumed  that  the  line  of  pressure 
pass<\s  through  either  etlge  of  the  middle  third,  then  the  pressure  at 
the  (Hlgt*  of  the  joint  is  twice  the  average,  or  is  12S  pounds  per  square 
inch.  This  is  a  very  low  pressure  for  any  good  quality'  of  building 
stone. 

Similarly,  the  maximum  pressure  at  the  skewback  is  scaled  from 
the  force  diagram  as  10,350  pounds;  but  since  the  arch  is  here 
two  ftvt  thick,  and  the  area  is  2SS  square  inches,  it  gives  an  average 
pn\ssun*  of  57  pounds  per  scjuare  inch.  Since  this  ec|uilibriuni 
}K)lygon  is  supjxxscMl  to  start  from  the  a»nter  of  this  joint,  this  n»pre- 
s(Mits  the  actual  pressure. 

Usuallv  it  is  onlv  a  matter  of  form  to  make  the  test  for  uniforni 
full  loading.  Eccentric  Ioa<ling  nearly  always  tests  an  arch  more 
st^vcnly  than  uniform  loading.  The  ability  to  carry  a  full  uniform 
load  is  no  indication  of  ability  to  carrj'  a  partial  eccentric  h)ading, 
cx(vpt  tlijit  if  the  an'h  appeared  to  Ik*  only  just  able  to  carry  the  uni- 
form load,  it  might  U^  predicted  that  it  would  prolwibly  fail  un^ler  the 
ecc<»ntric  load.  On  the  other  hand,  if  an  arch  will  safelv  carr\-  a 
h(\avy  ecctMitric  load,  it  \w\\\  certainly  carry  a  load  of  the  same  in- 
tcnsitv  uiiifonnlv  distributed  over  it. 

411.  Test  for  the  Second  Condition,  or  Loading  of  Maximum 
Load  over  One-Half  of  the  Arch.  Since  the  arch  has  a  dead  load  over 
the  cntin*  arcli,  and  a  live  load  over  only  one-half  of  the  arch,  the  load 
line  for  the  entirt*  arch  must  Ix?  drawn.  The  load  line  for  the  loadwl 
half  of  the  arch  will  lx»  identical  with  that  alreadv  drawn  for  the 
prt^vious  case.  The  load  line  for  the  n*mainder  of  the  arch  may  l)e 
similarly  dra\\Ti.  This  case  is  worked  out  by  precis(»ly  the  same 
genend  uietluKl  as  that  alrt»ady  employed  in  the  similar  case  given 
in  detail  in  Article  410.     As  in  that  article,  we  select  a  trial  |X)le 
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which  in  general  will  give  an  ohlic|ue  dosing  line  for  the  e(juilibrium 
pcdygpn.  This  eUxsing  line  must  Ik*  brought  down  to  the  horizontiil 
bjr  the  method  already  explained  in  Article  400;  then  a  second  trial 
Viust  be  made  in  order  to  shift  the  polygon  so  that  it  sIiiUl  pass  through 
the  middle  third  at  the  crown  joint.  This  line  should  pass  thn)ugh 
die  middle  of  the  crown  joint;  then  the  rt»al  test  is  to  determine  how 
it  passes  through  the  haunches  of  the  arch.  As  in  th(»  previous  cas(^ 
the  total  pressure  at  any  joint  will  Ix*  detennined  by  the  corresjx)nding 
lines  in  the  force  diagram,  and  the  unit-pressure  at  the  joint  may  \ye 
determined  from  the  area  of  the  joint  and  the  position  of  the  line  of 
force  with  respect  to  the  ct*ntt*r  of  the  joint.  Even  though  a  line  of 
forci*  pjissed  slightly  outside  of  the  middle  third,  it  would  not  necc*s- 
siirily  mean  that  the  arch  will  fail,  provided  that  the  maximum  in- 
tensity of  pressun*,  detennined  according  to  the  princij)les  enunciated 
in  Article  405,  d(x»s  not  exceed  the  siife  unit-j)n\ssure  for  the  kind  of 
stone  used. 

An  inspection  of  the  forcr  diagram  with  tlu»  \)iAv  at  o^\  shows 
that  the  mys  are  all  shorter  than  those  of  the  forc^e  diagram  for  the 
first  condition  of  loading — with  |X)le  at  o/.  This  means  that  the 
actual  pressure  at  any  joint  is  less  than  for  the  first  case*;  but  since  the 
true  equilibrium  jx)lygon  for  this  case  d(x\s  not  pass  so  near  the 
center  of  the  joints  as  it  does  for  the  first  condition  of  loading,  the 
intensity  of  prt^ssure  at  the  edges  of  the  joints  may  Ik»  higher  than  in 
the  first  case.  However,  since  the  equilibrium  jX)lygon  for  this 
st*cond  case  is  always  well  within  the  middle  third  at  cverj-  joint,  and 
since  even  twice  the  average*  joint  prt»ssure  for  the  first  case  is  well 
within  the  safe  allowable  prt\ssure  on  any  gcxnl  building  stone,  we 
may  know  that  the  second  condition  of  loading  will  lx»  safe,  even 
without  exactly  measuring  and  computing  the  maxinnun  intensity  of 
pressure  pnxluced  by  this  loading. 

412.  Test  for  the  Third  Condition,  Involving  Concentrated 
Load,  ^riie  methcxl  of  making  this  tc*st  is  exactly  similar  to  that 
previously  given;  but  on  account  of  a  load  eccentrically  placed,  the 
force  diagram  will  lx»  mon»  distorted  than  in  either  of  the  casc»s  previ- 
ously given,  and  then*  is  grt»ater  dangcT  that  the  arch  will  prove  to 
be  unstable  on  such  a  tc\st  An  insjx^ction  of  the  ec|uilibrium  polygon 
for  this  case  shows  that  the  (rritical  |X)int  is  the  joint  lx»twe<»n  vous- 
soirs  Nos.  3  an<l  4.     This  is  what  might  lx»  exjX'ctcMl,  since  it  is  the 
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joint  under  the  heavy  concentrated  load.  The  ray  in  the  force  dia- 
gram which  is  parallel  to  the  section  of  the  equilibrium  polygon 
passing  through  this  joint,  is  the  ray  which  reaches  the  load  line 
l)etween  loads  3  and  4.  This  ray,  measured  at  the  scale  of  1,500 
pounds  per  square  inch,  indicates  a  pressure  of  15,625  pounds  on  the 
joint.  The  line  of  pressure  is  4}  inches  from  the  upper  edge  of  the 
joint;  it  is  outside  of  the  middle  third;  and  therefore  the  joint  will 
probably  open  somewhere  under  this  loading.  According  to  the 
theory  of  the  distribution  of  pressure  over  a  stone  joint,  the  pressure 
will  be  maximum  on  the  upper  edge  of  this  joint,  and  will  be  zero  at 
three  times  4i  inches,  or  14.25  inches,  from  the  upper  edge.  The 
area  of  pressure  for  a  joint  12  inches  wide  will  be  14.25  X  12  =  171 
square  inches.  Dividing  171  into  15,625,  we  have  an  average  pres- 
sure of  91  pounds,  or  a  maximum  pressure  of  twice  this,  or  182 
pounds,  per  square  inch  at  the  edge  of  the  joint.  But  this  is  such  a 
safe  working  pressure  for  such  a  class  of  masonry  as  cut-stone  vous- 
soirs,  that  the  arch  certainly  would  not  fail,  even  though  the  elasticity 
of  the  stone  caused  the  joint  to  open  slightly  at  the  intrados  during 
the  passage  of  the  steam  roller. 

413.  Correcting  a  Design.  The  above  general  method  of 
testing  an  arch  consists  of  first  designing  the  arch,  and  then  testing 
it  to  see  whether  it  will  satisfy  all  the  required  conditions.  In  case 
some  condition  of  loading  is  found  which  will  cause  the  line  of  pres- 
sure to  pass  outside  of  the  middle  third  or  to  introduce  an  excessive 
unit-pressure  in  the  stones,  it  is  theoretically  necessary  to  l)egin  anew 
with  another  desi^,  and  to  make  all  the  tests  again  on  the  basis  of  a 
new  (lesion;  but  it  is  usually  possible  to  determine  with  sufficient 
('l()S(Miess  just  what  alterations  should  1^  made  in  the  design  so  that 
the  mcKlified  design  will  certainly  satisfy  the  required  conditions. 
For  example,  if  the  line  of  pressure  passes  on  the  upper  side  of  the 
middle  third  at  the  haunches  of  the  arch,  a  thickening  of  the  arch  at 
that  |K)int  until  the  line  of  pressure  is  within  the  middle  third  of  the 
revised  thickness,  will  usually  sohe  the  difficulty.  The  effect  of  the 
added  weight  on  the  haunch  of  the  arch  will  be  to  make  the  line  of 
pn\ssure  move  upward  slightly;  hut  the  added  thickness  can  allow 
for  this.  As  another  illustration,  the  unit-pressure,  as  determined  for 
the  (•ro\\Ti  of  the  arch,  might  l)e  considerably  in  excess  of  a  safe  pres- 
sure* for  the  arch,  and  it  might  indicate  a  necessity  to  thicken  the  arch. 
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nnf.  only  at  the  center,  but  also  throughout  the  length  of  the  arch. 

For  example,  in  the  above  numerical  case,  although  it  is  probably 
not  really  necessary  to  alter  the  design,  the  arch  might  be  thickened 
on  the  haunches,  say  3  inches.  This  would  add  to  the  weight  on  the 
haunches  one-fourth  of  the  difference  of  the  weights  per  cubic  foot  of 
stone  and  earth,  or  }  (160  —  100)  =  15  pounds  per  square  foot.  This 
is  so  utterly  insignificant  compared  with  the  actual  total  load  of  alx)ut 
750  pounds  per  square  foot,  that  its  effect  on  the  line  of  pressure  is 
practically  inappreciable,  although  it  should  be  remembered  that  the 
effect,  sHght  as  it  is,  will  be  to  raise  the  line  of  pressure.  A  thickening 
of  3  inches  will  leave  the  line  of  pressure  nearly  7  J  inches  (or  say  7] 
inches,  to  allr>w  generously  for  the  slight  raising  of  the  line  of  pres- 
sure) from  the  extrados,  while  the  thickness  of  the  arch  is  increased 
from  10  inches  to  22  inches.  But  the  line  of  pressure  would  now  Ik^ 
within  the  middle  third. 

414.  Location  of  True  Equilibrium  Polygon.  In  the  above 
demonstration,  it  is  assumed  that  the  true  ecjuilibrium  polygon  will 
pass  through  the  center  of  each  abutment,  and  also  through  the 
center  of  the  keystone;  and  the  test  then  consists  in  determining 
whether  the  equilibrium  polygon  which  is  drawn  through  these  three 
points  will  pass  within  the  middle  third  at  every  joint,  or  at  least 
whether  it  will  pass  through  the  joints  in  such  a  way  that  the  maxi- 
mum intensity  of  pn\ssure  at  either  edge  of  the  joint  shall  not  l)e 
greater  than  a  safe  working  pressure.  With  any  system  of  forces 
acting  on  an  arch,  it  is  possible  to  draw  an  infinite  numl)er  of  equilib- 
rium polygons;  and  then  the  (|uestion  arises,  which  polygon,  among 
the  infinite  numlx»r  that  can  1^  drawn,  represents  the  true  equilibrium 
polygon  and  will  represent  the  actual  line  of  pressure  passing  through 
the  joints.  On  the  general  principle  that  forces  always  act  along  the 
line  of  least  resistance,  the  pressure  acting  through  any  voussoir 
would  tend  to  pass  as  nearly  as  possible  through  the  center  of  the 
voussoir;  but  since  the  forces  of  an  equiHbrium  polygon,  which  rej)- 
resent  a  comhination  of  lines  of  pressure,  must  all  act  simultaneou.sly, 
it  is  evident  that  the  line  of  pressure  will  pass  through  the  voussoirs 
by  a  course  which  will  make  the  summation  of  die  intensity  of  pres- 
sures at  the  various  joints  a  minimum.  It  is  not  only  possible  but 
probable  that  the  tnie  equilibrium  [X)lygon  does  7iot  pass  through  the 
center  of  the  keystone,  but  at  some  jx)int  a  little  al)ove  or  lx»iow, 


397 


MASONRY  AND  REINFORCED  COXCHETE 

(lirougli  whirl]  a  polygon  may  Ix"  <lniwn  which  will  giv-c  a  hss  siini- 
iiiation  of  prt'ssures  than  Uiose  for  ti  [xil_v{^n  which  iloes  pass  Ihmtigh 
Uk'  point  a.  The  value  nnd  safety  of  the  inethotl  ffvcn  alxnr,  lie 
in  the  fn(;t  that  tlie  tnie  efniilihrium  polygon  always  passes  l)miu):)i 
the  vons-soirs  in  such  a  way  that  the  siinimHtioii  of  the  intensities  ii( 
the  pressures  is  the  least  possible  combination  of  pressures;  and 
then-fore  any  pilygtm  which  cjin  l>c  dniwn  through  the  voussoiis  in 
sncli  a  way  that  the  pressures  at  all  the  joints  are  safe,  merely  indirslK 
that  the  arch  will  lie  safe,  since  the  tnic  combination  of  pressures  is 
something  less  than  that  detennineil.  In  other  words,  the  (nie 
system  of  pressures  is  never  greater,  an<!  is  proliably  less,  tlian  the 
systt^'m  as  determined  by  tlie  equilihtium  polygon  which  is  ussumeil  In 
U-  I  tie  true  polygon. 

When  an  etjuilihrtum  polygon  for  eccentric  loading  pusses 
through  the  arch  at  some  tlistiuu-c  from  the  center  of  llie  joint  at  oni' 
pari  of  the  arch,  and  very  near  the  center  of  the  joint  in  all  utiier 
sections,  it  can  Ik-  safely  counted  on,  that  the  true  |x>lygcin  passes  a 
little  nearer  the  center  at  the  most  unfavorable  jHirtJon,  and  a  little 
further  away  from  the  center  at  some  other  joints  where  Uiere  Is  n 
larger  margin  of  safely.  For  example,  the  true  ec)uilibrium  polypm 
for  the  third  condition  of  loading  (see  Fig.  22.3)  proluibly  p.i,sses  a 
little  nearer  the  center  on  tlie  left-hand  haunch,  and  a  litllc  farther 
away  from  the  center  on  the  right-hand  hauneli,  where  there  is  a 
larger  margin;  in  other  words,  the  whole  equilibrium  polypon  is 
sliglitly  lowered  throughout  the  arch.  No  <lefinite  reliance  should  he 
placed  on  this  allowance  of  safety;  but  it  is  advantageous  to  know 
th;il  tlie  margin  exists,  even  though  the  margin  is  very  small.  The 
margin,  of  course,  would  reduce  to  zero  in  case  the  equitibriiini 
|x>lygon  chosen  actually  represented  the  tnie  equilibiium  polygon. 
While  it  would  be  convenient  and  very  satisfactory  tn  Ije  able  lo  oblain 
always  the  tnie  equilibrium  polygon,  it  is  .sufficient  fur  die  purp(jse  lo 
oblain  a  polygon  which  indicates  a  .safe  condition  when  we  know 
that  the  tnie  polygon  is  still  safer. 

41  Ti.  Design  of  Abutments.  The  force  diagram  of  Fig.  22.3, 
which  shows  the  pressuifs  Ix'tween  the  vou.ssoirs  of  the  arch,  also 
gives,  for  any  condition  of  loaihng,  the  pre.ssiire  of  the  last  voussoir 
against  the  abutmenl.  A  glance  at  the  diagram  shows  that  tlie  maxi- 
mum  pressure  against  the  abutment  comes  against   the   left-hand 
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abutment  under  the  third  condition  of  loading,  when  the  concen- 
trated load  is  on  the  left-hand  side  of  the  arch.  Although  the  first 
condition  of  loading  does  not  create  so  great  a  pressure  against  the 
left-hand  abutment,  yet  the  angle  of  the  line  of  pressure  is  somewhat 
flatter,  and  tliis  causes  the  resultant  pressure  on  the  base  of  the  abut- 
ment to  be  slightly  nearer  the  rear  toe  of  the  abutment.  It  is  therefore 
nect^ssary  to  consider  this  case,  as  well  as  that  of  the  third  condition 
of  loading. 

An  abutment  may  fail  in  three  ways:  (1)  by  sliding  on  its  founda- 
tions; (2)  by  tipping  over;  and  (3)  by  crushing  the  masonry.  The 
possibility  of  failure  by  crushing  the  masonry  at  the  skcwback  may 
be  promptly  dismissed,  provided  the  (|uality  of  the  masonry  is  reason- 
ably good,  since  the  abutment  is  always  made  somewhat  larger  than 
the  arch  ring,  and  the  unit-pressure  is  therefore  less.  The  possi- 
bility of  failure  by  the  crushing  of  the  masonry  at  the  hdsv,  owing  to 
an  intensity  of  pressure  liear  the  rear  toe  of  the  abutment,  will  he  dis- 
cussed below.  The  possibility  that  the  abutment  may  slide  on  its 
foundations  is  usually  so  remote  that  it  hardly  need  be  considered. 
Tlie  resultant  pressure  of  the  abutment  on  its  subsoil  is  usually  neartT 
to  the  perpendicular  than  the  angle  of  friction;  and  in  such  a  case, 
there  will  Ix)  no  danger  of  sliding,  even  if  there  is  no  backing  of 
earth  behind*  the  abutment,  such  as  is  almost  invariably  found. 

The  test  for  possible  tipping  over  or  crushing  of  the  masonry 
due  to  an  intensity  of  pressure  near  the  rear  toe,  must  Ix)  investigatc*d 
by  detc^miining  the  resultant  pressure  on  the  subsoil  of  the  abutment, 
lliis  is  done  graphically  by  the  metho<l  illustrated  in  Fig.  224.  This 
is  an  extc^nsion  of  the  arch  problem  alrt^ady  considered.  The  line  he 
gives  the  angle  of  the  skewlmrk  at  the  abutment,  while  the  lines  of 
force  for  the  pressures  induced  by  the  first  and  third  conditions  of 
loading  have  Iktu  drawn  at  their  projx^r  angle.  In  common  with  the 
general  methcKl  usenl  in  designing  an  arch,  it  is  nect^ssiiry  to  design 
first  an  abutment  which  is  assumed  to  fulfil  the  conditions,  and  then 
to  test  the  design  to  see  whether  it  is  actually  suitable.  '^Fhe  cross- 
s€»ction  ahcde  has  been  assumetl  as  the  cross-si^ction  of  solid  masonrv 
for  the  abutment.  The  problem  therefore  consists  in  finding  the 
amount  and  line  of  action  of  the*  force  representing  the  weight  of  the 
abiitiiieiit.  It  will  1k»  proved  that  this  force  pisses  through  the  j)<)int 
Oj,  and  it  therefore  intersects  the  pressure  on  the  abutment  for  the  first 
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condition  of  loading,  at  the  point  it.  The  weight  of  a  section  of  the 
abutment  one  foot  thick  (parallel  with  the  axis  of  the  arch),  iseomputeil 
(as  ilctailed  below)  to  weigh  19,500  pounds,  while  the  pressure  of  the 
arch  is  scak<l  from  Fig,  223  as  16,350  pounds.  I-ajing  off  these 
fiirtvs  on  these  two  lines  at  ihe  scale  of  5,000  pounds  per  inch,  we  liave 
tlif  resultant,  which  intersects  the  base  at  the  point  m,  and  which 
scales  31,350  pounds.  Similarly,  (he  resultant  of  the  wei^t  of  (he 
abutment  and  the  line  of  pressure  for  the  (hint  condition  r^  loading 
intersects  Ihe  base  at  the  point  n,  and  scales  33,600  pounds.  These 
pressures  on  the 
H  base  will  be  dis- 

cussed later. 

Ilie  line  of  action 
and  the  amount  uf 
the  weight  ofa  unit- 
section  of  the  abut- 
ment, are  deter- 
mined as  follows: 
The  center  of  gniv- 
ilT  of  the  pentagon 
abcde  is  <letiTmined 
b_v  dividing'  ihe  pen- 
Liirim  into  three  elc- 
intntiiri*     trianfrles. 
iiV.Acf.and  cdc.  We 
niav  consider  he  as 
a  Im:*'  which  is  c<»ni- 
iiH<n  lo  ihe  mangles 
,if-.'  an.|  bcf.    Bv  hi- 
ivnici";  a  and  e.  ami  tri- 
linc  ihe  p"inL>  o,  and  o,. 
..fifk-twoiriandes.  The 
twTi  trianfrles  niu^t  lie  on 
'i  '•■V.  the  lineal  itistanccs 
t:a!  [■•  ifce  ar^a-^  of  the  tri- 
ii^  "-.  ibeirar«i.-.  are  nri>- 
■  '■■.!  ~am  at  ih»-  si<le.  lc^^ 
Lt.tbediftiuices^and  af. 
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On  the  vertical  line,  we  lay  off  a  distance  equal  to  o^o^.  By  joining  the 
lower  end  of  this  line  with  the  right-hand  end  of  the  line  a/,  and  then 
drawing  a  parallel  line  from  the  point  between  gc  and  a/,  we  have 
divided  the  distance  OjO,  into  two  parts  which  arc  proix)rtional  to  the 
two  altitudes  af  and  gc.  Laying  off  the  shorter  of  these  th'stances 
toward  the  triangle  abe  (since  its  greater  altitude  shows  that  it  has 
the  greater  area),  we  have  the  position  of  o,,  which  is  the  center  of 
gravity  of  the  two  triangles  combined.  The  area  abce  is  measured 
by  one-half  the  product  of  eb  and  the  sum  of  af  and  gc.  The  triangle 
cde  is  measured  by  one-half  the  product  of  the  base  ed  by  the  altitude 
ch.  If  we  lay  off  6c  as  a  vertical  line  in  the  side  diagram,  and  also  the 
line  ed  SLsa,  vertical  line,  and  join  the  lower  end  of  ed  with  the  line 
which  represents  the  sum  of  gc  and  a/,  and  then  draw  a  line  from  the 
lower  end  of  be,  parallel  with  this  other  line,  we  have  two  similar 
triangles  from  which  we  may  write  the  proportion : 

ed  :  (gc  -^  af)  ::  be  :  a'f'g'c'. 

Since  the  product  of  the  means  equals  the  product  of  the  extremes,  we 
find  that  {gc  +  af)  X  be  =  ed  X  a'fg'c";  but  i  (gc  +  af)  X  be  ^ 
the  combined  area  of  the  two  triangles,  and  therefore  the  line  a'fcfd 
is  the  height  of  an  equivalent  triangle  whose  base  equals  ed;  therefore 
the  area  of  these  two  combined  triangles  is  to  the  area  of  the  triangle 
cde  as  the  equivalent  altitude  a'fcfd  is  to  the  altitude  ch  of  the  triangle 
cde.  By  bisecting  the  base  cd,  and  drawing  a  line  from  the  bisecting 
point  to  the  point  c,  and  trisecting  this  line  in  the  point  o^,  we  have 
the  center  of  gravity  of  the  triangle  cde.  The  center  of  gravity  of  the 
entire  area,  therefore,  lies  on  the  line  o^o^,  and  at  a  distance  from  o^ 
which  is  inversely  proportional  to  the  areas  of  the  two  combined 
triangles  and  the  triangle  ede.  These  areas  are  proportional  to  the 
altitudes  as  determined  above;  therefore,  by  laying  off  in  the  side 
diagram  the  line  o^o^,  and  drawing  a  line  from  its  lower  extremity  to 
the  right-hand  extremity  of  the  line  ch,  and  then  drawing  a  parallel 
line  from  the  point  between  olfgfd  and  ch,  we  divide  the  line  o^o^  into 
two  parts  which  are  proportional  to  these  altitudes.  The  line  ch  is  the 
greater  altitude,  and  the  triangle  cde  has  the  greater  area ;  therefore 
the  point  o^  is  nearer  to  the  point  o^  than  it  is  to  the  point  o,,  and  the 
shorter  of  these  two  sections  is  laid  off  from  the  point  o^.  This  gives 
the  point  o^,  which  is  the  center  of  gravity  of  the  entire  area  of  the 
abutment. 
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The  actually  computed  weight  of  a  unit-section  of  the  abutment 
is  determined  by  multiplying  the  sum  of  a'/Vc'  and  ch  by  the  base  ed. 
Since  this  masonry  is  assumed  to  weigh  160  pounds  per  cubic  foot, 
the  product  of  these  scaled  distances,  measured  at  the  scale  of  i  inch 
equals  one  foot  (which  was  the  scale  adopted  for  the  original  drawing), 
shows  that  the  section  one  foot  thick  has  a  weight  of  19,500  pounds. 
Laying  oflF  this  weight  from  the  point  k,  and  laying  off  the  pressure  for 
the  first  condition  of  loading,  16,350  pounds,  at  the  scale  of  5,000 
pounds  per  inch,  and  forming  a  parallelogram  on  these  two  lines,  we 
have  the  resultant  of  31,350  pounds  as  the  pressure  on  the  base  of  the 
abutment,  that  pressure  passing  through  the  point  m. 

The  intersection  of  the  weight  of  the  abutment  with  the  line  of 
pressure  for  the  third  condition  of  loading,  is  a  little  below  the  point 
k;  and  we  similarly  form  a  parallelogram  which  shows  a  resulting 
pressure  of  33,600  pounds,  passing  through  the  base  at  the  point  n. 
It  is  usually  required  that  such  a  line  of  pressure  shall  pass  through 
the  middle  third  of  the  abutment;  but  there  are  other  conditions 
which  may  justify  the  design,  even  when  the  line  of  pressure  passes  a 
little  outside  of  the  middle  third. 

The  point  n  is  2.85  feet  from  the  point  e.  According  to  the  theory 
of  pressures  enunciated  in  Article  405,  it  may  be  considert^d  that  the 
pressure  is  maximum  at  the  point  (\  and  that  it  cxti'ncls  ])ackward 
toward  tlie  point  d  for  a  distiince  of  three  times  en,  or  a  distance  of 
S.7)i)  feet.  Tills  would  pve  an  average  prc\ssuR*  of  3,0)^0  pounds  ]>er 
sf|uare  foot,  or,  since*  the  pressure  at  the  toe  is  twice  the  aveni^* 
pressure,  7,S()0  pounds  |ht  scjuare  foot  on  the  toe.  Such  a  pr(\ssure 
mi^^ht  or  nii<;ht  not  Ix*  <jfreater  than  the  subsoil  could  endurt*  without 
yielding;.  Since  this  pressure  is  e(|uivalent  to  al)()ut  55  pounds  per 
scjuare  inch,  there  should  Ix.*  no  danger  that  the  masonry  itself  would 
fail;  and,  if  the  subsoil  is  rock  or  even  a  hard,  firm  day,  there  will  ]ye 
no  (lander  in  trustiuf]^  such  a  pressure  on  it. 

Another  very  lar^e  item  of  safety  which  has  \)vvn  utterly  ignored, 
but  which  would  unquestionably  Ix*  present,  is  the  pressure  of  the 
earth  back  of  the  abutment.  The  effect  of  the  back-prc\ssure  of  the 
earth  would  V>e  to  make  the  line  which  represents  the  resultant  pres- 
sure on  the  subsoil  more  nearly  vertical,  and  to  make  it  pass  much 
more  lu^arlv  throuc^h  the  center  of  the  basc^  rd.  This  would  very  mucii 
reduce  the  intensity  of  pressure  near  the  jx)int  r,  and  would  reduce 
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very  materially  the  unit-pressure  on  the  subsoil.  Cases,  of  course, 
are  conceivable,  in  which  there  might  be  no  back-pressure  of  earth 
against  the  rear  of  the  abutment.  In  such  cases,  the  ability  of  the 
subsoil  to  withstand  the  unit-pressure  at  the  rear  toe  of  the  abutment 
(near  the  point  e)  must  be  more  carefully  considered.  In  order  that 
the  investigation  shall  Ix;  complete,  it  should  be  numerically  deter- 
mined whether  the  lower  pressure,  31,350  pounds,  passing  through 
the  point  m,  might  produce  a  greater  intensity  of  pressure  at  the  point 
e  than  the  larger  pressure  passing  through  the  point  n. 

416.  Various  Forms  of  Abutments.  The  abutment  described 
above  is  the  general  form  which  is  adopted  very  frequently.  The 
front  face  cd  is  made  with  a  batter  of  one  in  twelve.  The  line  ba  slopes 
backward  from  the  arch  on  an  angle  which  is  practically  the  con- 
tinuation of  the  extrados  of  the  arch.  The  total  thickness  of  the  abut- 
ment de  must  be  such  that  the  line  of  pressure  will  come  nearly,  if  not 
quite,  within  the  middle  third.  The  line  ea  generally  has  a  con- 
siderable slope,  as  is  illustrated.  When  the  subsoil  is  very  soft,  so 
that  the  area  of  the  base  is  necessarily  very  great,  the  abutment  is 
sometimes  made  hollow,  with  the  idea  of  having  an  abutment  with  a 
very  large  area  of  base,  but  which  does  not  require  the  full  weight  of 
so  much  masonry  to  hold  it  down;  and  therefore  economy  is  sought 
in  the  reduction  of  the  amount  of  masonry.  Since  such  a  hollow 
abutment  would  require  a  better  class  of  masonry  than  could  be  used 
for  a  solid  block  of  masonry,  it  is  seldom  that  there  is  any  economy  in 
such  methods.  Since  the  abutment  of  an  arch  invariably  must  with- 
stand a  very  great  lateral  thnist  from  the  arch,  there  is  never  any 
danger  that  the  resultant  pressure  of  the  abutment  on  the  subsoil 
will  approach  the  front  toe  of  the  arch,  as  is  the  case  in  the  abutment 
of  a  steel  bridge,  which  has  little  or  no  lateral  pressure  from  the  bridge, 
but  which  is  usually  subjected  to  the  pressure  of  the  earth  behind  it. 
These  questions  have  already  been  taken  up  under  the  subject  of 
abutments  for  truss  bridges,  in  Part  II. 

VOUSSOIR  ARCHES  SUBJECTED  TO  OBLIQUE  FORCES 

417.  Determination  of  Load  on  a  Voussoir.  The  previous 
determinations  have  l)t»en  confined  to  arches  which  arc  jissirmcd  to 
be  acted  on  solely  by  vertical  forces.     For  flat  segmental  arches,  or 
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1  for  eUipdcal  «rrhe.s  where  the  arch  is  very  much  Lhiekcnc^l  at 
t*th  rnd  so  that  the  virtual  abutment  of  the  areh  is  at  a  eoiisidemMi- 
tlistanre  above  the  nominal  springing  line,  such  a.  metliiMl  in  sufli- 
cteniiy  acnirate,  and  it  has  the  advanta^  of  simplicity  of  compiita- 
tion;  but  when-  the  anli  has  a  ven'  considerable  rise  in  compeiisnii 
with  its  Spain,  the  pressure  on  the  extratlos,  which  is  presumabb 
perpriHiicular  to  the  surface  of  the  extrados,  has  such  a  large  liori- 
nmital  ftMupooent  that  the  horizontal  forces  cannot  be  Ignored.  TIh' 
method  of  detennining  the  amount  and  direction  of  the  force  acting 
oo  tmA  vwtssotT,  is  illustrated  in  Fig.  225.  The  reduced  IoikI  line, 
(<M»d  as  previously  described,  is  indicated  in  the  figure.  A  trapezoid 
Rpfrsents  the  loading  resting  on  the  voussoir  ac.  The  line  df  repre- 
spuls.  at  SQOie  scale,  the  amount  of  this  vertical  loading.  Drawing  tbc 
line  (U  perpendicular  to  the  extrados  ac,  we  may  complete  the  nr- 
tangle  on  the  lioe  df,  and  obtain  the  horizontal  component,  while  the 
eijuivalent  nonnai  pressure  on  the  voussoir  is  represented  by  dc. 

Drawing  a  vertical  line  through  the  center  of  gravity  of  the  vou.s- 
soir,  and  producing  it  (if  necessarvO  until  it  intersects  ed  in  the  point  t; 
we  may  lay  off  vw  to  represent,  at  the  same  scale,  die  weight  of  the 
voiissoir.  Making  tv  equal  lo  dr,  we  find  i^  as  the  resultant  of  tlie 
fon-es;  and  it  therefore  measures,  according  to  the  scale  chasen,  the 
amount  and  direction  of  the  resultant  of  the  forces  acting  on  tliat 
Toussoir.  Although  tlie  figure  apparently  shows  the  line  de  as  though 
It  passed  thrwiph  the  center  of  gravity  of  tlie  voussoir,  and  although  it 
generally  will  do  so  i-ery  nearly,  it  should  l>e  remembered  that  de  does 
not  necessarily  pass  thttjugh  the  center  of  gravity  of  the  voussoir. 

A  practical  graphical  method  of  laying  off  the  line  vl  to  represent 
the  actual  resultant  force  is  as  follows:  The  reduced  load  line,  dntnn 
as  previously  described,  gi^-es  the  line  for  a  loading  of  solid  stone, 
which  would  be  the  equU'alent  of  the  actual  load  line.  If  this  loading 
hasa  unil-\~alue  of.  say.  1130  pounds  per  cubic  foot,  and  if  the  hori7.onta] 
distance  ab  is  made  2  feet  for  the  load  over  each  voussoir,  then  each 
foot  of  height  lat  the  same  scale  at  which  ah  represents  2  feett  of  the 
line  gd  represents  320  pounds  of  loading.  If  the  voussoir  were  actual- 
ly a  rectangle,  then  Its  area  would  be  equal  to  that  of  the  dotted 
pandlelogram  vertically  under  ac,  and  its  area  would  ecjual  ak  X  dt; 
and  in  such  a  ca.se.  dk  would  represent  the  weight  of  ihut  voussoir,  ami 
the  force  iw  could  l)e  scaled  directly  etjual  to  dX-,  without  further  com  pu- 
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tation.  The  accuracy  of  this  method,  of  course,  depends  on  the 
equality  of  the  dotted  triangle  below  c  ami  tliat  Ih-Iow  a.  For  vous- 
soirs  which  are  near  the  crown  of  the  arcli,  the  error  involved  hy  this 
method  is  probably  within  the  ji^neral  awuracy  of  other  determina- 
tions of  weight;  but  near  the  abutment  of 
a  full-centered  arch,  the  inaccuracy  would 
l>e  toogreat  to  lie  tolerated,  and  the  area  of 
the  voussoir  should  be  actually  computed. 
Dividing  the  area  by  2  (or  the  width  ab), 
we  ha\e  the  equivalent  height  in  the  same 
terms  at  which  gd  represents  the  external 
load,  and  its  equivalent  height  would  be 
laid  off  as  w. 

418.  Application  toa  Definite  Prob- 
iem.  We  shall  assume  for  this  case  a  full- 
centered  circular  arch  whose  intrados  has 
a  radius  of  15  feet.  The  depth  of  (he 
keystone  computed  according  to  the  rule 
given  in  Equation  47,  would  be  1.57  feet, 
which  is  practically  19  inches.  By  drawing 
first  the  intrados  of  the  arch  as  a  full  semi- 
circle (.see  Fig.  22fi),  and  then  laying  off 
the  crown  thickness  of  19  inches,  we  find 
by  trial  that  a  radius  of  20  feet  for  the 
extrados  will  make  the  arch  increase  to  a 
thickness  of  about  '2\  feet  at  a  point  45 

degrees  from  the  center,  which  is  usually  a  critical  iM>int  in  such  arches. 
We  shall  therefore  draw  the  extrados  with  a  radin.s  of  20  feet,  the 
center  point  being  determined  by  measuring  20  feet  down  from  the 
top  of  the  keystone.  We  shall  likewise  assume  that  this  arch  is  one 
of  a  series  resting  on  piers  which  are  4  feet  thick  at  the  springing  line. 

By  drawing  a  portion  of  the  adjoining  anh,  we  find  that  iLs 
extrados  intersects  the  extra<!os  of  the  arch  considered  at  a  point 
about  7  feet  6  inches  above  the  pier.  By  <!rawing  a  hne  from  this 
point  toward  the  renter  for  johitt,  which  Is  alwiit  midway  between  the 
wnter  for  tlie  extrados  and  die  cent«.'r  for  the  intrados,  we  have  the 
line  for  the  joint  which  is  virtually  die  skewback  joint  and  the  abut- 
ment of  the  arch. 


ultKDt  ot  Oblique 
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The  center  of  the  pier  is  precisely  17  feet  from  the  center  of  the 
arc-h.  We  shall  assume  that  the  arch  is  overlaid  witli  a  filling  of 
earth  or  cinders  which  is  18  inches  thick  at  the  crown,  and  that  it  is 
level.  Drawing  a  horizontal  line  to  represent  the  top  of  this  earth 
filling,  we  may  divide  this  line  into  sections  which  are  2  feet  wide, 
commencing  at  the  vertical  line  through  the  center  of  the  pier.  E,\- 
tending  this  similarly  to  the  other  side  of  the  arch,  we  have  eight 
sections  of  loading  on  each  side  of  the  keystone  section.  Drawing 
lines  from  the  points  where  these  verticals  between  the  sections  inter- 


srcl  (hf  <-x(ni<li.s,  towiir.l  the  ccnfer  for  joints.  pn'viousK  (U-tcrniiiicd, 
we  have  (lie  vjirioij.s  j))iiit.s  of  tlic  voti^soirs,  A.'^st lining,  as  in  ll:c 
prrv'i.ii.s  nniiK-riciil  ]>rol>lem  thai  (he  riiiilcr  fill  wcigli.s  1(H)  pon:i's 
[XT  cidiii'  font,  and  thiit  tin-  slonc  weighs  IliO  pounds  jkt  i-ul'i-  W  .1, 
\vi-  .Irlcrminc  thr  redncr.]  ],m<\  line  for  the  top  of  the  rarlh  fill  .  \<  r 
till-  enlin-  arrh. 

W-  slmll  a.s.Mirnc  thai  tlu>  im-h  carH.-s  a  railroad  (r.uk  ;:nd  a 
liravy  ,!,  -  ,r  (raliir.  Tl,,.  weight  nf  roa.iU-.I  and  tniok  may  In- 
crnpiili .]  a,-^  follows:  'I'j.c  tUs  are  to  Ix-  S  feet  long;  the  weight  of 
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the  roadbed  and  track  (and  also  the  live  load)  is  assumed  to  l)e  dis- 
tributed over  an  area  8  feet  wide. 

Two  rails  at  100  pounds  per  yard  will  weigh,  per  square  foot 

of  surface 8.4  lbs. 

Oak  tics,  weighing  150  pounds  per  tie,  will  weigh,  per  8(|uare  foot 

of  surface 9.4  ** 

Weight   of    ballast   at    100    pounds   j^cr  cubic    foot,   average 

depth  y  inches 75.0  " 

Total   weight  92.8  lbs. 

This  is  the  equivalent  of  0.58  foot  depth  of  stone,  and  we  therefore 
add  this  uniform  depth  to  the  reduced  load  line  for  the  earth. 

A  50-ton  freight-car,  fully  loaded,  will  weigh  134,000  pounds; 
with  a  length  l)etween  bumpers  of  37  feet,  this  will  exert  a  pressure  of 
al)out  450  pounds  jx'r  square  foot  on  a  strip  8  feet  wide.  This  is  equiv- 
alent to  2.8  feet  of  masonry.  We  shall  therefore  consider  this  as  a 
requirement  for  uniform  loading  over  the  whole  arch. 

It  would  be  more  precise  to  consider  the  actual  wheel  loads  for 
the  end  trucks  of  two  such  cars  which  are  immediately  following  each 
other;  but  since  the  effect  of  this  would  be  even  less  than  that  of  the 
calculation  for  a  locomotive,  which  will  be  given  later,  and  since  the 
deep  cushion  of  earth  filling  will  largely  obliterate  the  effect  of  con- 
centrated loads,  the  method  of  considering  the  loading  as  uniformly 
distributed  will  be  used.  We  therefore  add  the  uniform  ordinate 
ecjual  to  2.8  feet  over  the  whole  arch.  We  shall  call  this  the  first 
condition  of  loading. 

We  shall  assume  for  the  concentrated  loading,  a  consolidation 
locomotive  with  40,000  pounds  on  each  of  the  four  driving  axles,  spaced 
5  feet  apart.  This  means  a  wheel  base  15  feet  long;  and  we  shall 
assume  that  this  extends  over  voussoirs  1  to  8  inclusive,  while  the 
loading  of  450  pounds  j)er  square  foot  is  on  the  other  portion  of  the 
arch.  A  weight  of  40,(X)0  jwunds  on  an  axle,  which  is  supposed  to  be 
distributed  over  an  area  5  feet  long  and  8  feet  wide,  gives  a  pressure 
of  1,000  pounds  per  square  foot,  or  it  would  add  an  ordinate  of  6.33 
fc^t  of  stone;  these  ordinates  are  added  above  the  load  line  repre- 
senting the  load  of  the  roadbed  and  track.  Wc  shall  call  this  the 
second  condition  of  loading. 

The  load  for  each  vou.ssoir  is  detennined  by  the  method  given 
in  Article  417.     The  dii^ection  of  the  pressure  on  the  voussoir  is 
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detennined  by  drawing  a  line  toward  the  extrados  center  from  the 
intersection  of  the  vertical  through  the  trapezoid  of  loading  ^ith  the 
extrados.  The  length  of  that  vertical  is  laid  off  below  that  point  o{ 
intersection;  then  a  horizontal  line  drawn  from  the  lower  end  of  the 
vertical  intersects  the  line  of  force  at  a  point  which  measures  the 
amount  of  that  pressure  on  the  voussoir.  The  area  of  the  voussoir 
is  determined  as  described  in  Article  417;  and  the  resultant  of  the 
loading  and  the  weight  of  the  voussoir  is  obtained.  This  is  indicated 
as  force  No.  1  in  Fig.  226.  In  this  case,  it  includes  the  locomotive 
loading  on  the  left-hand  side  of  the  arch.  The  forces  acting  on 
voussoirs  Nos.  2,  3,  4,  5,  6,  7,  and  8  are  similarly  determined.  The 
forces  on  voussoirs  Nos.  9  to  17  inclusive,  on  the  basis  of  the  uniformly 
distributed  load  equal  to  450  poimds  per  square  foot,  are  also  similarly 
determined.  The  loads  on  voussoirs  Nos.  10  to  17  inclusive  will  be 
considered  to  measure  the  loads  on  voussoirs  Nos.  8  to  1  inclusive, 
for  the  first  condition  of  loading.  The  loading  with  the  locomotive 
over  voussoirs  Nos.  1  to  8,  and  cars  over  voussoirs  Nos.  9  to  17,  con- 
stitutes the  second  condition  of  loading. 

As  described  above,  the  arrows  representing  the  forces  in  Fig. 
226  are  drawn  at  a  scale  such  that  each  f  of  an  inch  represents  2  cubic 
feet  of  masonry,  or  320  pounds;  therefore  every  inch  will  represent 
the  quotient  of  320  divided  by  |,  or  853  pounds  per  linear  inch.  Tlie 
practical  method  of  making  a  scale  for  this  use  is  illustrated  in  the 
diagram  in  the  upper  right-hand  comer  of  Fig.  226.  We  may  draw 
a  horizontiil  line  as  a  scale  line,  and  lay  off  on  it,  with  a  decimal  scale, 
a  lent^th  ca  which  represents,  at  some  convenient  scale,  a  length  of 
SCO.  Drawing  the  line  ah  at  any  convenient  angle,  we  lay  off  from 
the  point  c  the  length  ch  to  represent  853  at  the  same  scale  as  that  used 
for  ca.  The  line  cd  is  then  laid  off  to  represent  7,000  units  at  the 
scale  of  (SOO  units  p(^r  inch.  By  drawing  a  Une  from  d  parallel  to  ha, 
we  have  the  distance  ce,  which  represents  7,000  units  at  the  scale  of 
853  units  per  inch.  By  trial,  a  pair  of  di\iders  may  be  so  spaced 
that  it  steps  off  precisely  seven  equal  parts  for  the  distance  ce;  or  the 
line  ce  may  also  1^  divided  into  equal  parts  by  laying  off  on  cd  to  the 
decimal  scale,  the  seven  ecjual  parts  of  1,000  each  which  are  at  the 
scale  of  800  units  per  \\\v\\\  and  then  lines  may  l)e  drawn  from  these 
points  parallel  to  ha  and  de.  The  last  division  may  be  similarly 
divided  into  10  equal  parts,  which  will  represent  100  pounds  each. 
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Using  dividers,  the  resultant  force  on  each  voussoir  from  No.  1  to 
No.  17  may  be  scaled  off  as  follows : 


1 

7,825 

10 

1,910 

2 

5,970 

11 

2,040 

3 

4,940 

12 

2,200 

4 

4,190 

13 

2,400 

5 

3,725 

14 

2,905 

G 

3,380 

15 

3,570 

7 

3,170 

16 

4,420 

8 

3,040 

17 

0,005 

0. 

1,880 

The  student  should  note  the  three  dotted  cun^es  in  the  lower 
part  of  the  figure,  which  have  been  drawn  through  the  extremities 
of  the  forces.  The  only  object  in  drawing  these  three  curves  is 
merely  to  note  the  uniformity  with  which  the  ends  of  these  arrows 
form  a  regular  curve.  If  it  was  found  that  one  of  the  forces  did  not 
pass  through  this  curve,  it  would  probably  imply  a  blunder  in  the 
method  of  determining  that  particular  force.  Even  if  such  curves 
are  not  actually  drawn  in,  it  is  well  to  observe  that  the  points  do  come 
on  a  regular  curve,  as  this  constitutes  one  of  the  checks  on  the  graphi- 
cal solution  of  problems. 

Fig.  226  is  merely  the  beginning  of  the  problem  of  determining 
the  stresses  in  the  arch.  In  order  to  save  the  complication  of  the 
figure,  the  arch  itself  and  the  resultant  forces  (1  to  17)  are  repeated 
in  Fig.  227,  the  direction,  intensity,  and  point  of  application  of  these 
forces  Ijeing  copied  from  one  figure  to  the  other. 

Forces  Nos.  1  to  17  are  drawn  in  the  force  diagram  of  Fig.  227 
at  the  scale  of  4,000  pounds  per  inch.  Forces  1  to  8,  inclusive,  have  a 
resultant  whose  dii*ection  is  given  by  the  line  marked  /?/  which  joins 
the  extremities  of  forces  1  to  8.  Similarly,  the  direction  of  the  re- 
sultant (/Z/  or  il/)  of  forces  9  to  17,  inclusive,  is  given  by  the  line 
which  joins  the  extremities  of  this  group.  The  direction  of  the  resul- 
tant of  all  the  forces  Nos.  1  to  17,  is  given  by  the  line  joining  the  ex- 
tremities of  these  forces  in  the  force  diagram,  this  resultant  being 
marked  R^  By  choosing  a  pole  at  random  (the  point  o/  in  the  force 
diagram),  drawing  rays  to  the  forces,  and  beginning  at  the  left-hand 
abutment,  we  may  draw  the  trial  equilibrium  polygon,  which  passes 
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through  the  piint  a  on  force  No,  17,  The  line  through  «  jiiirallel 
lo  tlie  last  ray,  has  the  direction  ah.  Producing  the  soeti<in  of  the 
polygon  which  is  t»ctwecn  forces  8  and  9  (and  which  is  parallel  to 
the  ray  which  reaches  the  load  line  between  forces  S  and  9),  it  inter- 
sects the  first  anil  last  lines  of  the  trial  ot|uihliriuni  polygon  at  the 
points  h  and  d.  The  point  /» is  therefore  a  point  on  the  resultant  R^' 
of  forces  Ni»s.  9  to  17  niclusive;  anil  by  drawing  a  line  jmratlel  to  the 
forte  fij'  in  the  fon-e  diagram,  we  have  the  actual  line  of  aclion  of  the 
resultant. 

Similarly,  the  hne  of  action  <if  the  force  /{,"  is  determined  by 


■  Irnwin-  fn.ni  llu'  p.uil  </  a  line  panillel  lo  11/  in  the  foriv  diiisrram. 
Their  iiitciMvlioti  al  Ihr  point  '•  gives  a  jKiiiil  in  ihc  line  of  ncUin  of  ihe 
resiiltaiif  of  the  whole  system  of  forces,  fl..;  anil  by  drawing  fnun  the 
[)oiiU  *■  a  line  parallel  (o  R^  of  the  for<v  <!iagnim,  wc  have  the  line  of 
action  i.f  11...  We  selcci  a  ].oin(  (/)  at  r;iiidoin  on  the  resn'.lant  /f„.  anil 
join  (lie  point  /  with  llie  center  of  eaeli  abatnieiit.  !!y  drawingliiies 
from  (lie  e\(rcniitics  of  llii'  load  line  |>arallel  lo  these  two  lines  from  /. 
they  in(erM'ct  at  (he  |H>iiit  »/.  A  horizontal  line  (hnaigh  <./  is  there- 
fore (he  liMiis  of  Ihe  |Hile  of  the  (rue  etjiiilibriuni  polygon  piissing 
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through  the  center  of  both  abutments.  The  line  Jn  intersects  7i/  ^^  ^'^^ 
point  gr,  and  the  line  fm  intersects  the  force  /?/  in  the  point  h.  The 
intersection  of  gh  with  the  vertical  through  the  center  (the  point  i)  is 
the  trial  point  which  must  be  raised  up  to  the  point  c,  which  is  done 
by  the  method  illustrated  in  Article  401.  The  application  of  this 
method  gives  the  line  kl,  passing  through  c;  and  the  line  In  is  there- 
fore tlie  first  line  of  the  special  equilibrium  polygon  for  the  complete 
system  of  forces  from  No.  1  to  No.  17;  and  the  line  km  is  similarly 
the  last  line  of  that  polygon.  By  drawing  lines  from  the  extremities 
of  the  load  line,  parallel  to  In  and  Arm,  we  find  that  they  intersect  at 
the  point  Oj'",  which  is  the  pole  of  the  special  equilibrium  polygon 
passing  through  n,  c,  and  m,  for  the  complete  system  of  forces  Nos.  1 

to  17. 

As  a  check  on  the  work,  the  intersection  of  these  lines  from  the 

ends  of  the  load  line,  parallel  to  In  and  km,  must  \ye  on  the  horizontal 
line  passing  through  o^^  By  drawing  rays  from  the  new  pole  o/"  to 
the  load  line,  and  completing  the  special  equilibrium  polygon,  we 
should  find  as  a  double  check  on  the  work,  that  both  of  these  partial 
polygons  starting  from  m  and  n  should  pass  through  the  point  c;  and 
also  that  the  section  of  the  polygon  between  forces  Nos.  8  and  9  lies 
on  the  line  kl.  This  gives  the  special  equilibrium  polygon  for 
the  system  of  forces  Nos.  1  to  17,  which  corresponds  with  the  second 
condition  of  loading,  as  specified  above. 

The  first  condition  of  loading  is  given  by  duplicating  about  the 
center,  in  the  force  diagram,  the  system  of  forces  from  No.  17  to  No.  9 
inclusive.  Since  this  system  of  forces  is  symmetrical  about  the  center, 
we  know  that  its  resultant  R^  passes  through  the  center  of 
the  arch,  and  that  it  must  be  a  vertical  force.  We  may  draw  from 
the  middle  of  force  No.  9  a  horizontal  line,  and  also  draw  a  vertical 
from  the  lower  end  of  the  load  line.  Their  intersection  is  evidently 
at  the  center  of  the  resultant  /Ij,  which  is  therefore  carried  above  this 
horizontal  line  for  an  equal  amount.  Joining  the  upper  end  of  R^ 
with  the  upper  end  of  force  No.  9,  we  have  the  direction  and  amount 
of  the  force  R^^.  The  intersection  of  ng  with  the  force  R^  at  the  point 
;,  gives  a  point  which,  when  joined  with  the  point  m,  gives  one  line  of 
a  trial  ecjuilibrium  polygon  passing  through  the  required  points  m  and 
n,  but  which  does  not  pass  through  the  required  point  c.  The  inter- 
section of  }m  with  the  force  /£/'  at  the  point  p,  gives  us  the  line  />y, 


411 


392  MASONRY  AND  REINFORCED  CONCRETE 


which  is  the  same  kind  of  line  for  this  trial  polygon  as  the  line  hg 
was  for  the  other. 

By  a  similar  method  to  that  used  before  and  as  described  in 
detail  in  Article  401 ,  we  obtain  the  line  qr  passing  through  c,  whidi 
gives  us  also  the  section  of  our  true  equilibrium  polygon  between 
forces  Nos.  8  and  9.  The  line  m  also  gives  us.  that  portion  of  the  true 
equilibrium  polygon  for  this  system  of  loading,  from  the  point  n  up 
to  the  force  No.  17. 

By  drawing  a  line  from  the  lower  end  of  the  load  line,  parallel  to 
nr,  until  it  intersects  the  horizontal  line  through  the  middle  of  force 
No.  9  at  the  point  o/,  we  have  the  pole  of  the  special  equilibrium 
polygon  for  this  system  of  loading,  which  is  the  first  condition  of  load- 
ing. The  rays  ar?  drawn  from  o/  only  to  the  forces  from  No.  9  to 
No.  17  inclusive,  and  the  special  equilibrium  polygon  is  completed 
between  n  and  c  by  drawing  them  parallel  to  these  rays. 

On  account  of  the  symmetry  of  loading,  we  know  that  the  equilib- 
rium polygon  would  be  exacdy  similar  on  the  left-hand  side  of  the 
arch.  In  discussing  these  equilibrium  polygons,  we  must  therefore 
remember  that  of  the  two  equilibrium  polygons  lying  between  the 
extrados  and  intrados  on  the  right-hand  side  of  the  arch,  the  upper 
line  represents  the  line  of  pressure  for  a  uniform  loading  over  the^ 
whole  arch  (the  first  condition  of  loading),  while  the  lower  line  on  the 
right-hand  side,  and  also  the  one  equilibrium  polygon  which  is  shown 
on  the  left-hand  side  of  the  arch,  represent  the  special  equilibrium 
pjlygon  for  the  second  condition  of  loading. 

410.  Intensity  of  Pressures  on  the  Voussoirs  of  the  Arch.  An 
inspection  of  the  ecjuilibrium  polygon  for  the  first  condition  of  loading, 
shows  that  it  passes  everywhere  within  the  middle  third.  The  maxi- 
mum total  pressure  on  a  joint,  of  course,  occurs  at  the  abutment, 
where  the  pressure  equals  24,750  pounds.  Since  the  joint  is  here 
about  42  inches  thick,  and  a  section  one  foot  wide  has  an  area  of  504 
square  inches,  the  pressure  on  the  joint  is  at  the  rate  of  49  pounds  per 
square  inch.  At  the  keystone,  the  actual  pressure  is  19,750  [X)unds; 
and  since  the  keystone  has  an  area  of  228  squa»^  inches,  the  pressure* 
is  at  the  rate  of  87  pounds  per  square  inch. 

At  the  joint  l^etween  forces  Nos.  13  and  14,  the  line  of  force  passes 
just  inside  the  edge  of  the  middle  third.  The  ray  from  the  pole  o/ 
to  the  joint  l>etween  voussoirs  Nos.  13  and  14  of  the  force  diagram, 
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has  11  sealed  length  of  20,250  pounds.  Tlie  joint  has  a  total  thiekness 
of  alK)nt  24  inches,  and  thercfore  an  an*a  of  288  s(juare  inches.  This 
gives  an  average  pressure  of  70  pounds  per  square  inch;  but  since  the 
line  of  pressure  passes  near  the  edge  of  the  middle  third,  we  may 
double  it,  and  say  that  the  maximum  pressure  at  the  upper  edge  of 
the  joint  is  140  pounds  per  square  inch.  All  of  these  pressures  for 
the  first  condition  of  loading  are  so  small  a  proportion  of  the  crushing 
strength  of  any  stone  such  as  would  be  used  for  an  arch,  or  even  of 
the  good  quality  of  mortar  which  would  of  course  be  used  in  such  a 
stnicture,  that  we  may  consider  the  arch  as  designed,  to  be  perfectly 
safe  for  the  first  condition  of  loading. 

The  special  ec|uilil)rium  polygon  for  the  second  condition  of 
loading  shows  that  the  stability  of  the  arch  is  far  more  questionable 
under  this  condition,  since  the  special  equilibrium  polygon  passes  out- 
side the  middle  third,  especially  on  the  left-hand  haunch  of  the  arch. 
The  critical  joint  appears  to  be  l^etween  voussoirs  Nos.  4  and  5.  The 
pressure  at  this  joint,  as  detennined  by  scaling  the  distance  from  the 
point  Oj'"  to  the  load  line  between  forces  Nos.  4  and  5,  is  approxi- 
mately 24,500  pounds.  The  section  of  the  equilibrium  polygon 
parallel  to  this  ray  passes  through  the  joint  at  a  distance  of  a  little 
over  three  inches  from  the  edge.  On  the  basis  of  the  distribution  of 
pressure  at  a  joint,  the  compression  at  this  joint  would  be  confined  to 
a  width  of  9  inches  from  the  upper  edge,  the  pressure  being  zero  at  a 
distan(!e  of  9  inches  from  the  edge.  This  gives  an  area  of  pressure 
of  108  square  inches,  and  an  average  pressure  of  227  pounds  per 
square  inch.  At  the  upper  edge  of  the  joint,  there  would  therefore  he 
a  pressure  of  double  this,  or  454  pounds  per  square  inch.  This 
pressure  approaches  the  extreme  limit  of  intensity  of  pressure  which 
should  l)e  used  in  arch  work;  and  even  this  should  not  l)e  used  unless 
the  voussoirs  were  cut  and  dressed  in  a  strictlv  first-class  manner,  and 
the  joints  were  laid  with  a  first-class  quality  of  mortar. 

The  propriety  of  leaving  the  dimensions  as  first  assumed  for  trial 
figures,  depends,  therefore,  on  the  following  considerations: 

First — ^The  loading  assumed  above  for  the  uniformly  distributed 
load  is  as  great  a  loading  as  that  produced  by  ordinary  locomotives 
such  as  are  used  on  the  majority  of  railroads;  while  the  locomotive 
requirements  as  assumed  above  are  excessive,  and  are  used  on  only 
a  comparatively  few  railroads. 
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iirromd — If  an  efjuiUhrimn  polygon  had  iieen  startoi]  fmin  a 
point  oranr  tlie  intrados  than  the  point  m  (using  the  same  poU-  u,'°i. 
U  wwuld  have  ptissed  a  lillle  below  the  point  c,  and  likewise  n  litllc 
Mttivr  the  intnutos  Uuin  the  point  n.  Although  lliis  would  have 
brought  the  ei)uilibnuni  polygon  a  littk  neaicr  to  the  intrados  on  th^ 
ri)tlil--l«»d  Itaiincfa  of  the  areh.  it  would  hkrwise  have  drawn  it  iiwuy 
tnmi  (he  e.\lrado8  on  the  left-hand  haunch.  Although  il  is  uucertuin 
just  which  e<)uilil>riutii  (Mtlygon,  among  the  infinite  nunilx^r  wUIt-li 
may  nulbnnslicaiUy  bedran-n.will  actually  represent  the  tniee(|iiilib- 
rium  polypon,  their  is  rvuson  to  believe  tlmt  the  true  e<juihbriuni 
poIyjHon  ts  the  one  of  whic^  the  summation  of  the  intensity  of  pre^ 
surrs  at  the  rarious  joints  is  a  minimum;  and  it  is  e\'ident  from  men' 
ins^Mn'tttin,  that  an  e<)uilibrium  polygon  drawn  a  little  nearer  the 
tTnler  (as  described  abo\-e)  will  ha\-e  a  slightly  less  summation  of 
intcn:gty  of  ptrssure,  although  the  intenj$ity  of  pressure  on  the  joints 
on  die  righl-hand  haunch  will  rapidly  increase  as  the  polygon  a[»- 
prouches  tlte  intniilos.  It  U  therefore  quite  possible  that  the  true 
e«]U)librium  polygon  n-ould  have  a  less  intensity  of  pressure  at  the 
jduit  betnTra  voussoin  Nos.  4  and  5. 

If  il  is  still  (leered  to  increase  the  thickness  of  the  arch  so  (hat 
the  line  of  pressure  «ill  pass  further  from  the  exlrados,  it  may  be  doiie 
a[^roxiniatfly  as  indiciite<l  for  a  similar  problem  in  Article  'll-l. 
Evidently  the  keystone  is  sufficiently  tliiek,  and  tlie  voussoirs  at  lla- 
abutments  als«-.  lia\"e  ample  thickness.  The  extmdns  must  e\'idently 
be  changed  from  an  arc  of  a  circle  to  some  form  of  cur\'e  which  shall 
pass  llirough  the  same  three  points  at  (he  crown  and  the  (wo  abut- 
ments. This  may  he  eitlwr  an  ellipse  or  a  three-centered  or  (iir- 
Cfntciwl  curx-e.  Although  it  will  cause  an  extra  loading  on  the 
haunches  of  the  arch  to  increase  the  Utickntss  of  tlie  arch  on  the 
bnunchcj!,  and  altliough  tjiis  will  cause  (he  etjuilibrium  polygon  to 
riae  aimewhat,  die  rise  of  the  equiUbrium  polygon  will  not  Ix-  nearly 
so  rapid  as  the  increase  in  the  thickness  of  the  arch ;  and  then-fore  fhc 
added  thickness  will  add  wry  nearly  that  same  amount  to  the  dLslance 
from  the  es(mdos  to  the  e<|uiHbrium  [Hilygon,  For  example,  by 
adding  a  lUllr  over  three  inches  to  the  thickness  of  the  arch  at  vous- 
soirs Nos,  4  and  5,  the  distance  from  the  etjuilibrium  polygon  (o  (he 
extrados  would  lie  increased  from  three  inches  (o  six  inches,  and  (he 
maximum  in(ensily  of  pressure  on  the  joint  would  be  approximately 
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half  of  the  previous  figure.  To  be  perfectly  sure  of  the  results,  of 
course,  the  problem  should  \ye  again  worked  out  on  the  basis  of  the 
new  dimensions  for  the  arch. 

The  required  radii  for  a  multi-centered  arch  which  should  have 
this  required  extrados,  or  the  axes  of  an  arc  of  an  ellipse  which  should 
pass  through  the  required  points,  are  best  determined  by  trial.  The 
effect  of  the  added  thickness  on  the  load  line  for  the  right-hand  side 
of  the  arch,  will  be  to  bring  the  load  line  nearer  to  the  center  of  the 
voussoirs,  and  therefore  will  actually  improve  the  conditions  on  that 
side  of  the  arch.  Of  course,  when  the  concentrated  load  is  over  the 
right-hand  side  of  the  arch  instead  of  the  left,  the  form  of  the  equilib- 
rium polygon  will  be  exactly  reversed.  It  is  quite  probable  that, 
for  mere  considerations  of  architectural  effect,  the  revised  extrados 
would  be  made  the  same  kind  of  a  curve  as  the  intrados.  This  would 
[)ractically  be  done  by  selecting  a  radius  which  would  leave  the  same 
thickness  at  the  crown,  allow  the  required  thickness  on  the  haunches, 
and  let  the  thickness  come  what  it  will  at  the  abutments,  even  though 
it  is  needlesslv  thick. 

420.  Stability  of  the  Pier  between  the  Arches.  The  stability 
of  the  pier  on  the  right-hand  side  of  the  arch  in  Fig.  227,  is  deter-, 
mined  on  the  assumption  of  the  concentrated  locomotive  loading  on 
the  left-hand  end  of  the  next  arch  which  is  at  the  right  of  the  given 
arch,  and  the  uniform  loading  over  the  right-hand  end  of  the  given 
arch.  We  therefore  draw  through  the  point  m'  a  line  of  force  parallel 
to  mk,  and  also  produce  the  line  In  until  it  intersects  the  other  line 
of  force  in  the  point  s,  A  line  from  s  parallel  to  R^,  therefore,  gives 
the  line  of  action  of  the  resultant  of  the  forces  passing  down  the  pier, 
for  this  system  of  loading.  Since  this  system  of  loading  will  give 
the  most  unfavorable  condition,  or  the  condition  which  will  give  a 
resultant  with  the  greatest  variation  from  the  perpendicular,  we  shall 
consider  this  as  the  criterion  for  the  stability  of  the  pier.  The  piers 
were  drawn  with  a  batter  of  1  in  12,  and  it  shoukl  be  noted  that  the 
resultant  R^  is  practically  parallel  to  the  batter  line.  If  the  slope  of 
R^  were  greater  than  it  is,  the  batter  should  then  be  increased.  The 
value  of  7?2  is  scaled  from  the  force  diagram  as  55,050  pounds.  The 
force  jRj  is  about  14  inches  from  the  face  of  the  pier,  and  this  would 
indicate  a  maximum  intensity  of  pressure  of  221  pounds  per  square 
inch.     This  is  a  safe  pressure  for  a  good  class  of  masonry  work.    The 
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actual  pressure  on  the  top  of  the  pier  is  somewhat  in  excess  of  this, 
on  account  of  the  weight  of  that  portion  of  the  arch  between  the  virtual 
abutment  at  n  and  the  top  of  the  pier;  and  the  total  pressure  at  any 
lower  horizontal  section,  of ^  course,  gradually  increases;  but  on  the 
other  hand,  the  weight  of  the  pier  combines  with  the  resultant  thrust 
of  the  two  arches  to  form  a  resultant  which  is  more  nearly  vertical 
than  /Z,,  and  the  center  of  pressure  therefore  approaches  more  nearly 
to  the  axis  of  the  pier.  The  effect  of  this  is  to  reduce  the  intensity  of 
pressure,  on  the  outer  edge  of  the  pier;  and  since  the  numerical  result 
obtained  above  is  a  safe  value,  the  actual  maximum  intensity  of 
pressure  is  certainly  safe. 

ELASTIC  ARCHES 

421.  Technical  Meahing.  All  of  the  previous  demonstrations 
in  arches  have  been  made  on  the  basis  that  the  arch  is  made  up  of 
voussoirs,  which  are  acted  on  only  by  compressive  forces.  The 
demonstration  would  still  remain  the  same,  even  if  the  arches  were 
monolithic  rather  than  composed  of  voussoirs;  but  in  the  case  of  an 
arch  composed  of  voussoirs,  it  is  essential  that  the  line  of  pressure 
shall  pass  within  the  middle  third  of  each  joint,  in  order  to  avoid  a 
tendency  for  the  joint  to  open.  If  the  line  of  pressure  passes  very  far 
outside  of  the  middle  third  of  the  joint,  the  arch  will  certainly  collapse. 
An  elastic  arch  is  one  which  is  capable  of  withstanding  tension,  which 
practically  means  that  the  line  of  pressure  may  pass  outside  of  the 
middle  third  and  even  outside  of  the  arch  rib  itself.  In  such  a  case, 
transverse  stresses  will  be  developed  in  the  arch  at  such  a  section,  and 
the  stability  of  the  arch  will  depend  upon  the  ability  of  the  arch  rib 
to  withstand  the  transverse  stresses  developed  at  that  section.  A 
voiissoir  arch  is,  of  course,  incapable  of  withstanding  any  such 
stresses.  A  monolithic  arch  of  plain  concrete  could  withstand  a  con- 
siderable variation  of  the  line  of  pressure  from  the  middle  third  of 
the  arch  rib;  but  since  its  tensile  strength  is  comparatively  low,  this 
variation  is  very  small  compared  with  the  variation  that  would  be 
possible  with  a  steel  arch  rib.  A  rein  forced-concrete  arch  rib  can  be 
designed  to  stand  a  very  considerable  variation  of  the  line  of  pressure 
from  the  center  of  the  arch  ril). 

422.  Advantages  and  Economy.  The  durability  of  concrete, 
and  the  perfect  protect'on  that  it  affords  to  the  reinforcing  steel  which 
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is  buried  in  it,  give  a  great  advantage  to  these  materials  in  the  con- 
struction of  arch  ribs.  Although  the  theoretical  economy  is  not  so 
great  as  might  be  expected,  there  are  some  very  practical  features 
which  render  the  method  economical.  It  is  always  found  that,  before 
any  considerable  transverse  stresses  can  be  developed  in  a  reinforced- 
concrete  arch  bridge,  the  concrete  will  be  compressed  to  the  maximum 
safe  limit  while  the  unit-stress  in  the  steel  is  still  comparatively  low. 
Since  a  variation  in  the  dead  load  often  changes  the  line  of  pressure 
from  one  side  of  the  arch  rib  to  the  other,  and  thus  changes  the 
direction  of  the  transverse  bending,  it  becomes  necessary  to  place 
steel  near  both  faces  of  the  arch  rib,  in  order  to  withstand  the  tension 
which  will  be  alternately  on  either  side  of  the  rib.  Of  course  the  steel 
which  is  (for  the  moment)  on  the  compressive  side  of  the  rib  will  assist 
the  concrete  in  withstanding  compression,  but  this  is  not  an  economi- 
cal use  of  the  steel.  There  is,  however,  the  practical  economy  and 
advantage,  that  the  reinforcement  of  the  concrete  makes  it  far  more 
reliable,  even  from  the  compression  standpoint.  It  prevents  cracks 
in  the  concrete,  and  it  also  permits  the  use  of  a  much  higher  unit- 
pressure  than  would  be  considered  good  practice  in  the  use  of  plain 
concrete.  This  advantage  becomes  especially  great  in  the  con- 
struction of  arches  of  long  span,  since  in  such  a  case  the  dead  load 
is  generally  several  times  as  great  as  the  live  load.  Therefore  the 
maximum  variation  in  the  line  of  pressure  produced  by  any  possible 
change  in  loading  is  not  very  great;  and  any  method  which  will  per- 
mit the  use  of  a  higher  unit-pressure  in  the  concrete  is  fully  justified 
by  the  use  of  such  an  amount  of  steel  as  is  require»d  in  this  case. 

423.  Elements  of  Integral  Calculus.  It  has  been  found  im- 
practicable to  develop  the  theory  of  elastic  arches  without  employing 
some  of  the  fundamental  principles  of  integral  calculus;  but  an  effort 
will  be  made  to  explain  each  one  of  the  equations  which  are  used,  in 
such  a  way  that  the  application  of  calculus  to  this  particular  case 
may  be  understood.  To  facilitate  this  demonstration,  a  few  of  the 
fundamental  principles  of  integral  calculus  will  be  briefly  demon- 
strated. All  of  the  calculus  equations  which  are  used  are  similar  to 
Equation  48.  In  this,  a  character  f,  somewhat  similar  to  the  letter 
S  (which  may  be  considered  to  stand  for  the  word  summation),  is 
placed  in  front  of  some  mathematical  qurjitit'es.  The  equat  on 
generally   reads    that    this   summation   e(|uals    zero.    The    general 
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meaning  of  the  equation  is  that  there  is  a  group  of  cjiiantities  nil  of 
which  are  in  general  similar,  hut  which  have  a  varialion  in  ma^itude. 
In  general,  .some  of  these  quantities  arc  positive,  anil  some  aR'  iiegatve, 
and  the  equation  reads  that  the  summaljon  or  the  algebmic  addition 
of  all  these  positiw  and  negu,ti\'e  quantities  just  equals  stero;  or,  in 
other  words,  that  the  sum  of  all  the  positive  quantities  is  just  e()u«l  to 
the  sum  of  all  the  negative  quantities. 

For  example,  the  first  one  of  die  equations  marked  48  may  he 
interpreted  as  follows:  M  represents  the  transverse  monicnt  of  the 
archribat  aw?/ point  of  the  arch  rili.  .Visa  variable,  l»einp  some  limes 
positive,  sometimes  negative,  and  sometimes  zero;  E  is  the  modulus  of 
elasticitj',  and  we  shall  here  assume  that  this  is  also  constant;  th 
represents  the  distance  between  any  two  consecutive  sections  of  the 
arch  rib.  Theoretically,  ds  is  assumed  to  l»e  infinitely  small,  which 
means  that  we  consider  an  infinite  numbtT  of  sections  of  the  arch  rih. 
/represents  the  moment  of  inertia  of  the  arch  rib  at  any  section.  In 
some  cases  this  may  be  considered  a  constant;  and  it  is  a  constant, 
provided  the  arch  rib  is  of  a  uniform  cross-aeetion  throughout  its 
length.  If,  as  is  frequently  the  case,  the  arch  rib  is  of  variable  cross- 
section,  then  the  value  of  /  is  variable  for  each  section.  It  is  assumed 
that  the  moment  at  each  section  is  multiplied  by  the  distance  ib 
l>ctwccn  the  consecutive  sections,  and  divided  by  the  product  of  the 
modulus  of  elasticity  and  the  moment  of  inertia  at  that  section.  All 
these. quantities  are  positive,  except  M,  which  is  .sometimes  positive, 
sometimes  negative,  and  occasionally  zero.  Whenever  any  term  has 
a  constant  value  for  each  one  of  these  small  prwlucts,  it  may  be  placed 
outside  of  the  summation  sign,  since  the  summation  of  a  constant 
quantity  times  a  variable  is,  of  course,  equal  to  that  same  constant 
quantity  multiplied  by  the  summation  of  the  variables.  As  a  corollarv 
of  this,  wc  mny  also  say  that  if  the  summation  equals  zero,  wc  mayevrn 
take  tlie  constant  term  out  altogether;  since,  if  a  constant  times  a 
summation  of  po.sitive  and  negative  terms  equals  zero,  then  the  sum- 
mation of  those  positive  and  negative  terms  must  of  itself  equal  zero, 
Tliere  will  be  an  illustration  in  the  following  sections,  of  the  dropping 
of  constant  terms,  and  therefore  the  simplification  of  the  mathematics. 
If  such  a  pmduet  were  obtained  for  each  one  of  a  very  large  nunil)er 
of  cross-sections  of  the  rib,  we  should  have  a  series  of  products,  some 
of  which  would  l<e  positive,  some  negative,  and  probably  two  of  which 
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would  be  zero.  The  algebraic  sura  of  these  terms  would  equal  zero. 
The  letters  O  and  B  near  the  top  and  bottom  of  the  summation  sign 
represent  that  sections  are  made  all  the  way  from  O  to  B  in  Fig.  228. 
If  the  sections  had  been  taken  between  two  other  points  (as,  for 
example,  between  O  and  C),  the  letter  C  would  take  the  place  of  the 
letter  B  in  the  equation. 

The  three  equations  of  Equation  48  are  given  without  demon- 
stration. The  student  must  accept  the  equations  as  l)eing  mathe- 
mat'.cally  true,  sinctj  their  demonstration  involves  work  in  integral 
calculus  which  cannot  be  here  given;  but  it  should  also  l)e  realized 
that  the  equations  are  only  precisely  true  when  the  number  of  terms 
is  infinitely  large,  and  the  distance  ds  is  therefore  infinitely  small. 
When  the  sections  are  taken  at  a  finite  distance  apart,  as  it  is  practi- 
cally necessary  to  do,  then  there  may  be  theoretically  a  slight  error; 
but  when  the  number  of  sections  of  an  arch  rib  is  made  from  12  to  20 
in  the  length  of  the  span,  the  inac- 
curacy involved  because  the  num- 
ber of  terms  is  not  infinite  is  so 
very  small  that  it  is  of  no  practical 
importance. 

424.  Classification  of  Arch 
Ribs.  Arch  ribs  may  he  classified 
in  three  ways:  firsts  those  which 
have  fixed  ends  and  no  hinges;  second^  those  which  have  a  hinge  or 
joint  at  each  end;  and  third  those  which  are  hinged  at  lx>th  ends  and 
in  the  center.  The  first  class  is  by  far  the  most  conmion,  and  is  the 
simplest  and  cheapest  to  construct;  but,  as  will  be  developed  later, 
it  necessitates  a  very  considerable  allowance  for  temperature  stresses 
which,  under  very  unfavorable  conditions,  are  even  greater  than  the 
maximum  stresses  due  to  loading.  The  temperature  strtvsses  of  a 
two-hinged  arch  aR'  less  severe,  while  those  for  a  thrt^e-hinged  arch 
may  l^e  neglected;  but  the  construction  of  hinges  in  arch  ribs  adds 
considerably  to  the  cost. 

425.  Mathematical  Principles.  In  the  following  demonstration, 
the  arch  rib  is  considered  as  a  single  line  OCB  (Fig.  228),  which  is  as- 
sumed to  have  the  pro{)erties  of  an  arch  rib — namely,  the  moment  of 
inertia,  modulus  of  elasticity  of  the  material,  and  the  consecjuent  resist- 
ing moment.     The  curved  line  PQR  represents  the  special  equilibrium 
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polvgi^n  forres|X)n(ling  to  some  one  condition  of  loading.  Although 
this  line  is  drawn  as  a  curved  line,  it  is  assumed  to  be  a  cun^e  which  is 
made  up  of  a  large  number  of  correspondingly  short  lines,  each  o{ 
which  corresponds  to  a  section  of  an  equilibrium  polygon  similar  to 
those  described  under  "Voussoir  Arches."  This  equilibrium  polygon 
is  vet  to  he  determined. 

In  Church's  '^Mechanics  of  Engineering,"  Chapter  XI,  is  given 
tlw*  mathematical  proof  of  three  general  ecjuations  which  apply  to  this 
pn>blem.  No  demonstration  will  here  be  made  of  these  three  equa- 
tions, wh.ch  are  as  follows; 

o  o  o 

Tin*  pnictind  meaning  of  the  first  of  these  e(]uations  may  Ix?  descrilied 
as  follows  (stH.*  Fig.  22S):(/jf  Represents  one  of  an  cvai  numl)er  of  very 
slu^rt  stH.'tions  into  which  the  length  OCB  of  the  arch  rib  lias  l)een 
tliviiltHl.  M  rt»presents  the  transverse  moment  acting  on  the  an*h 
r!b  at  that  sei*tion  under  the  particular  condition  of  loading  which 
is  U^ng  considereil.  E  is  the  modulus  of  elasticity  of  the  material, 
and  /  is  the  moment  of  inertia  of  the  section.  At  some  of  the  sections 
the  moment  is  jKKsitive,  and  at  some  it  is  negative.  The  pnxluct  of 
.1/and  (/.v,  divided  by  the  prcKluct  of  E  and  /,  is  thert»fore  sometimes 
]H)sitive  and  sometimes  negative.  According  to  this  e(|uation,  the 
summation  of  thesi*  various  products  for  each  short  section  (d.s)  of 
the  rib  eijuals  zero;  or,  in  other  words,  the  summation  of  the  jx>sitive 
prochicts  will  exactly  e(|ual  numerically  the  summation  of  the  negative 
pHxlucts. 

The  other  two  parts  of  Equation  48  must  l)e  inteq^n^ted  sinnlarly, 

the  only  diffen^uv  I^MUg  that  in  each  case  the  tenn^-  is  multiplied 

by  the  corRvsponding  value  of  y  for  one  of  the  ecjuations,  and  by  jc  for 
the  other.  This  group  of  thR^e  equations  (48)  has  nothing  to  do  with 
the  form  of  the  s|x*cial  e(|uilibrium  jX)lygon  I^R, 

It  may  also  Ix*  ])roved  by  analytical  mechanics,  that  if  the  curve 
PQR  R'pR's(»nts  the  s|HH'ial  e(|uilibrium  polygon  corR\sj)onding  to 
sonu*  system  of  loading,  and  z  R»presc*nts  the  vertical  distance*  lx*twe(*n 
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the  arch  rib  and  the  special  equilibrium  polygon  at  any  section,  then 
the  moment  M  at  that  section  a  of  the  rib,  e(juals  Hz,  in  which  i/  is  a 
constant  which  may  be  determined  from  tlie  force  diagram.  The 
curve  PQR  represents  a  typical  special  equilibrium  polygon  which 
crosses  the  arch  rib  at  two  points.  These  points  of  intersection  indi- 
cate j)oints  of  contraflexure,  where  the  trans-verse  moment  changes 
its  direction  of  rotation,  and  where  it  is  therefore  zero.  When  the 
special  ecjuilibrium  |)olygon  is  above  the  rib  cur\e,  w^e  call  the  mo- 
ment positive;  and  when  it  is  lx»low,  we  call  it  negative,  \Mien  it  is 
jx)sitive,  it  means  that  there  is  tension  in  the  lower  part  of  the  rib,  and 
compression  in  the  upfxjr  part.  The  conditions  are,  of  course,  the  re- 
verse of  this  when  the  curve  is  Inflow  the  rib.  We  may  therefore  sub- 
stitute IIz  for  the  value  of  M  in  the  group  of  Equations  48;  and  since 
//  and  E  an*  both  constiint  for  all  points,  from  the  principle  enunciated 
in  Article  423,  we  may  not  only  place  them  outside  of  the  sign  of  sum- 
mation, but  may  even  drop  them  altogether,  since  the  summation 
e(|uals  zcTo;  and  we  may  therefore  transfonn  Ecjuations  48  to  the 
following: 

B  h  B 

fi'l^  -_-  0  ;  fi±;''-  =  0  ;  J^-^/i  ^  0  .     ....  (49) 

()  ()  o 

Whenever  we  are  investigating  the  mechanics  of  an  arch  rib 
which  has  a  constant  moment  of  inertia,  we  may  simplify  Equations 
49  by  dropping  out  altogether  the  /  of  the  denominators  of  those 
equations;  but  since  arch  ribs  are  usually  made  with  dee|)er  sections 
near  the  abutments,  the  /  will  l)e  greater  near  the  abutments.  Calling 
the  /  at  the  center  /^,  then  /  equals  n/^,  in  which  n  is  a  variable.  If 
we  substitute  this  value  of  /  in  the  denominators  of  Equations  49, 
then,  since  I^  is  a  constant  quantity,  it  may  be  placed  outside  of  the 
summation  sign,  and  even  dropped  altogether,  which  practically 
means  that  we  substitute  n  for  /  in  Equations  49.  We  shall  also 
substitute  for  z  its  value  z"  —  '^  (see  Fig.  228),  and  shall  rewrite 
Equations  49  as  follows,  by  making  the  substitutions: 

B  B  I^ 

(>  ()  o 
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It  will  later  l)e  shown  how  we  can  draw  a  line  (marked  vm  in  Fig.  228) 
which  will  satisfy  the  following  ecjuations: 

B  B 

^1^=0,  and  /^'^=0        (SI) 

()  C) 

Since  the  arch  rib  (representtnl  by  the  curve  OCB)  is  assumed  to  lie 
symmetrical  about  its  center  C,  and  since  vm  is  horizontal,  any  pasi- 
tion  of  vm  which  will  satisfy  the  first  of  Equations  51  will  also  satisfy 
the  second. 

It  is  another  principle  of  the  science  of  summations,  that  if  we 
have  a  series  of  terms  whose  summation  equals  zero,  and  also  have 
another  series  of  terms  whose  summation  equals  zero,  but  whose  terms 
are  made  up  of  the  difference  of  two  terms,  one  of  which  corresponds 
in  each  case  to  the  terms  of  the  first  summation,  then  we  may  say 
that  the  summation  of  the  other  corresponding  terms  is  likewise  zero. 
For  example,  the  first  one  of  Equations  50  consists  of  a  series  of  terms 
which  may  be  rewritten : 


z"         z' 

-ds  —  —ds, 
n  n 


The  first  one  of  Ecjuations  51  is  the  summation  of  a  series  of 

terms,  each  with  the  form  — ds.     In  each  of  these  summations  the 

n 

different  terms  corresponding   to   the  variable  values  of  z'  exactly 

correspond.    We  may  therefore  say  that  the  summation  of  a  series 

z" 
of  corresponding  terms,  each  one  of   the  form  —ds,  will   exactly 

n 

equal   zero;    and   we    may    therefore   write    Equation  52  as  given 

lx»low.     We  may  also  combine  the  second  part  of  Ecjuation  50  with 

the  second  part  of  E(]uution  51   in  a  similar  manner,  and  obUiin 

Efjuation  53  as  given  lx»low      It  will  Ixj  found  more  convenient  to 

separate  the  third  part  of  Equation  50  into  two  summations,  om-  of 

2" 
which  consists  of  a  series  of  terms  — yd^,  and  the  other  of  a  series 

.    .  ^'  ^ 

of  terms  consisting  of  ^  y  ds;  and  since  the  difference  of  these*  sum- 

inations  equals  zero,  then  the  summations  must  equal  each  other,  and 
we  may  therr^fore  write  Ecjuation  54: 
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half  of  the  previous  figure.  To  be  perfectly  sure  of  the  results,  of 
course,  the  problem  should  be  again  worked  out  on  the  basis  of  the 
new  dimensions  for  the  arch. 

The  required  radii  for  a  multi-centered  arch  which  should  have 
this  required  extrados,  or  the  axes  of  an  arc  of  an  ellipse  which  should 
pass  through  the  required  points,  are  best  determined  by  trial.  The 
effect  of  the  added  thickness  on  the  load  line  for  the  right-hand  side 
of  the  arch,  will  be  to  bring  the  load  line  nearer  to  the  center  of  the 
voussoirs,  and  therefore  will  actually  improve  the  conditions  on  that 
side  of  tlie  arch.  Of  course,  when  the  concentrated  load  is  over  the 
right-hand  side  of  the  arch  instead  of  the  left,  the  form  of  the  equilib- 
rium polygon  will  be  exactly  reversed.  It  is  quite  probable  that, 
for  mere  considerations  of  architectural  effect,  the  revised  extrados 
would  be  made  the  same  kind  of  a  curve  as  the  intrados.  This  would 
practically  l^e  done  by  selecting  a  radius  which  would  leave  the  same 
thickness  at  the  crown,  allow  the  required  thickness  on  the  haunches, 
and  let  the  thickness  come  what  it  will  at  the  abutments,  even  though 
it  is  needlesslv  thick. 

420.  Stability  of  the  Pier  between  the  Arches.  The  stability 
of  the  pier  on  the  right-hand  side  of  the  arch  in  Fig.  227,  is  deter-, 
mined  on  the  assumption  of  the  concentrated  locomotive  loading  on 
the  left-hand  end  of  the  next  arch  which  is  at  the  right  of  the  given 
arch,  and  the  uniform  loading  over  the  right-hand  end  of  the  given 
arch.  We  therefore  draw  through  the  point  m'  a  line  of  force  parallel 
to  mk,  and  also  produce  the  line  In  until  it  intersects  the  other  line 
of  force  in  the  point  s.  A  line  from  s  parallel  to  R^y  therefore,  gives 
the  line  of  action  of  the  resultant  of  the  forces  passing  down  the  pier, 
for  this  system  of  loading.  Since  this  system  of  loading  will  give 
the  most  unfavorable  condition,  or  the  condition  which  will  give  a 
resultant  with  the  greatest  variation  from  the  perpendicular,  we  shall 
consider  this  as  the  criterion  for  the  stability  of  the  pier.  The  piers 
were  drawn  with  a  batter  of  1  in  12,  and  it  should  be  noted  that  the 
resultant  R^  is  practically  parallel  to  the  batter  line.  If  the  slope  of 
R^  were  greater  than  it  is,  the  batter  should  then  be  increased.  The 
value  of  i?2  *s  scaled  from  the  force  diagram  as  55,050  pounds.  The 
force  /?2  is  about  14  inches  from  the  face  of  the  pier,  and  this  would 
indicate  a  maximum  intt»nsity  of  pressure  of  221  pounds  per  square 
inch.     This  is  a  safe  pressure  for  a  good  class  of  masonry  work.    The 
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^•».  mswatt  ^  iKfia  «f  am  Section.  .Vssume  that  Fig.  229 
^•jiTrssnii-  1  pwr^Mir  vC  ^if-  <!ivi585-iapcfxMi  of  an  airh  at  any  point,  the 
inirn-iia-:*  mr^n/a  niTjnr  a  i;£>«ji}  Jrpdi  k  equal  to  the  thickness  of  the 
Jim  ir  ir^z  ivkno,  i-3^£  i^  usEi-mSdih  K  which  is  presumably  less  than 
i»r  ijQi*.  t«n:rtt  /c  :a»r  xTvi  ptnOel  to  its  axis.  Assume  that  there 
^  ^t^ai^.r^aitfi'":  it  ~:*rci  "if  iry  and  bottom  of  this  section,  and  that 
i*r  >r*nii;£^.'*;ai%-'ni:  ^  rifcrvsr  ji«  a  ^stance  of  ^V  ^'  *^  thickness  of  the 
jiM:  T^/cr  Tir  i.c  iJi£  ^ir  K«(l«h,  or  from  the  extrados  and  the  in- 
l3:&o/^  TV  m/mwoi:  %-«  rwnii  of  the  plain  concrete  without  any 
3WTff.-f*.^<intf<TC  ^»mi*£  'f -^  -Sf^rr  <iqttjil  ^'j  Hi*.  A  transverse  stress  on 
5«i:i  1  '*^:*;  ;ir  n  I  ^ios^f  Ae  hjirs  on  one  siiie  of  the  section  (say  the 
)vcit.fn    x^  Sf  cr  if oi^oiHiu  wiale  dxtfir  in  tbe  top  will  be  in  compression. 

Ar  >a?<C  w^vi  i>  i  <viirpcr:si>»«i  will  develop  a  compressive  stress 
w^iv^t  ^  it  rcvcx'CTKHii  ik^  lie  ntx%  of  the  nKiduli  of  elasticity  of  the 
$i«y\  j*ii£  :^  o,"cv^!v^ :  asid  ^■V'  mav  tfaeiefoie  consi<ler  that  the  area 
«rf  >i>fy\  it  x>.Hiyrcr;swtt  a:  d>e  ^c^  caiUing  its  area  A)  is  the  equivalent 
irf  ;wt  ;*riwi  xs:  w^csk-^we  ^lud  •c^  Ar^  in  whidi  r  is  as  usual  £,  -=-  E^. 
TW  ^^XJK*^  ?^'*>t6.xr  <^  Ae  BTumd  axis  in  a  section  which  is  reinforced 
K^  fe  v\«ifc|«^j».>e  a3>d  in  tmsion,  tiepends  upon  the  percentage  of 
sjNvi  w*^"%i  ^  ia5*v::  Vwi  wWn  Ae  petrentage  is  as  large  as  it  usually 
ik  ttsc  ^^^r^u:-^!  ^\i>  i<  rxNi  far  from  tbe  renter  of  the  section ;  and  since  it 
>v^  x^,X'V-  v.':*n^,?Ws  tbe  oonipiitatioRs  t4>  consider  it  at  the  center  of 
the  :*\^  vv"..  :  w  r*  V  >»i>  K»R>i\leiv^K  ami  the  moment  of  inertia  of  the 
si^  ;a:n:  xxvv^rv^^  <\>aibiiwl  nvsiy  he  expiessed  by  the  equation : 

/  ^  ;,  sk^  ^  2Arx,Aky (55) 

li\  in  ^nv  nunn^ni'^jil  |^f\J>lem,  it  is  considered  preferable  to  place 
th*^  >uv!  >\>  ihiii  :h^^  d:s«iiKv  i>f  its  center  of  gravitj-  from  the  surface 
of  ilx^  \»4K>"U^  is  im^UT  or  le^  than  0.1  A,  a  corresponding  change 
must  U^  nwiW  in  ihe  >*x>mk1  term  of  the  right-hand  side  of  Equation  55, 

fjr\?wc:>.V,  Vssittir.o  ih:»i  6^  ^  .01 5.  and  that  the  thickness  of  the  arch  h 
tx^xials  ir^  inches.  »r  a  i:n:i->^vtion  12  inches  wide,  the  area  of  the  con- 
crtMo  woxiKi  \v  ?♦.,  wh;oh  tv^iwls  ISO  square  inches.  Then  180 X. 01, 5= 
2.7V)     J.t.  s:r,iv  .t  is  xho  i^rva  at  either  top  or  bottom.     Therefore  A=  L.'io. 

.Vssuiue  that  r  -   12;  .4A  =  .4  X  15  =  0;  then, 

/       ;.  \  12  X  l.V  ^  2  X  l.:^5  X  12  X  G» 
^  o.^^To  —  1,1  iV» 
=  4,541. 
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It  should  1)0  noted  from  Equation  55,  that  when,  as  is  usual,  the 
area  of  the  steel  in  the  extrados  and  intrados  remains  constiint,  while 
the  thickness  of  the  arch  varies,  the  increase  in  the  moment  of  inertia 
is  not  strictly  according  to  the  cul)e  of  the  depth,  but  increases  in 
accordance  with  two  terms,  one  of  which  varies  as  the  cube  of  the 
depth,  and  the  other  as  the  square  of  the  depth.  To  illustrate  the 
discrepancy,  let  us  assume  that  the  depth  of  the  arch  at  the  abutment 
is  10  per  cent  greater  than  the  depth  at  the  crown;  or  that,  applying 
it  to  the  above  numerical  case,  the  depth  at  the  crown  is  15  inches, 
and  at  the  abutment  the  depth  is  10.5  inches.  Then,  since  /;,  J,  and 
r  remain  the  same  in  Er juation  55, 

the  value  of  the  moment  of  inertia  |^ b 

for  the  jibutment  woul(n)e: 

/  =  ^h  X  12  X  10.5.1  +  2  X  1.35 
X  12  X  0.62  =   5,003. 

Using  the  approximate  rule  that  / 
varies  as  the  cul)e  of  A,  we  find 
that: 

/  -  4,541  X  (1.10)' 
-  6,044, 

which  is  about  two  per  cent  in 
excess  of  the  value  found  from 
E(]uation  55.  Computing  the  mo- 
ment of  inertia  similarly  on  the 
assumption  that  the  depth  at  the 
abutment  is  increased  50  per  cent, 

so  that  it  equals  22.5  inches,  we  find  that  the  approximate  rule  will  give 
a  moment  of  inertia  which  is  nearly  8  per  cent  in  excess  of  the  actual. 
Therefore,  when  the  increase  in  the  depth  of  the  rib  from  the  crown 
to  the  abutment  is  comparatively  small,  we  may  adopt  the  approxi- 
mation that  the  moment  of  inertia  increases  as  the  cul^e  of  the  depth. 
WTien  the  variation  is  greater,  the  inaccuracy  will  not  permit  the  util- 
ization of  the  simplified  forms  which  this  approximation  allows. 

427.  Value  of  n.  Still  another  simplification  may  lie  made,  on 
the  assumption  that  the  moment  of  inertia  varies  as  the  cul)e  of  the 
depth,  and  also  that  we  may  increase  the  depth  of  the  rib  as  desired. 
Assume  that  the  depth  of  the  rib  is  increased  so  that  at  any  point  n  = 


Fig.  229.    Arch  Cross-5>ectIon. 
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ds-r-dx  (see  Fig.  230);  ds  is  always  greater  than  dx^  and  n  is  a  ratio 
varying  from  one  upward.    Then,  on  the  assumption  that: 


n  — 


/• 


1^' 


we  may  compute  a  series  of  values  for  h  in  terms  of  the  height  at  the 

center  h„  which  will  correspond  to  various  angles  a.    For  each  angle, 

we  find  the  ratio  between  h  and  A«  tiiat  will  correspond  to  the  value 

ds 
which  n  has  for  that  particular  angle  on  the  basis  that  f^^-y-  •    If  we 

ds      T« 
substitute  this  value  of   ^  in  Equations  5%  53,  and  54 ,  we  shall  have 

dX 

the  following  Equations: 


0 


(56) 


xdx  'T'  0 


(57) 


Fig.  280.    Determlnatioii  of  Value  of  n 


B 


/z'  y  dx  ^     C  e'  ydx  .  '  -  '  (58) 
.  O  •^    O 


The  values  of  h  which  cause  n  to  vary  in  this  way,  are  as  given  in  the 
tabular  fonn : 


a 

d8 
n  =      r- 

dx 

h  =  hc    T     n 

a 

ds 

n  =  -r- 

dx 

h=Kfn 

QO 

1.000 

1.00/ic 

60° 

2.000 

1 .  26/ic 

15° 

1.035 

1.01 

65° 

2.366 

1.33 

30° 

1.155 

1.05 

70° 

2.924 

1.43 

40° 

1 .  305 

1.09 

75° 

3.864 

1.57 

45° 

1.414 

1.12 

80° 

5.759 

1.79 

50° 

1.556 

1.16 

85° 

11.474 

2.25 

55° 

1 .  743 

1.20 

90° 

Infinity 

Infinity 

Therefore,  when  all  sections  have  the  same  moment  of  inertia, 
and  n  is  uniformly  1,  use  Equations  52,  53,  and  54,  ignoring  the  n. 
When  an  increase  in  depth  of  section,  as  indicated  above,  will  fulfil 
the  ultimate  requirements,  there  is  an  advantage  of  simplicity  in 
making  the  sections  acconiingly,  and  using  the  Equations  56,  57, 
and  58.     When  it  proves  necessary  to  vary  the  sections  according 
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to  some  diflFerent  law,  n  must  he  determined  at  frequent  inten^als, 
s|Kiced  by  a  uniform  dsy  and  the  summations  of  Ecjuations  52,  53, 
and  54  determined.     The  remainder  of  this  method  follows  out  the 

assumption   that  n  varies  as  r—  ,  or  that  dx  =  — . 

ax  n 

428.     Position  of  vm.    We  may  locate  vin  by  satisfying  Ecjua- 

tion  51,  which   may  be  written    I  :^  dxz=0.    But   this  integral   is 

^  O 

represented  by  the  shaded  area  (Fig.  231),  which  is  the  equivalent 
of  siiying  that  the  segment  OCB  =  the  rectangle  OK  X  OB.  \iOCB 
were  a  parabola, 0/C  would  exactly  equal  §  CD.  Even  with  circular 
arcs,  the  ratio  ^  is  approximately  correct  if  the  angle  is  small.  There- 
fort*,  for  flat  circular  arcs,  draw  vm  at  3  the  height  of  the  arc.  If  neces- 
sary, increase  the  height  according  to  the  figun\s  given  in  the  accom- 
panying tiibular  form : 


2a 

Ratio 
.007 

EXCKHH   Kl 

0.04  per 

titOK 

10° 

cont 

15° 

.007 

0.09 

20° 

.008 

0.15 

25° 

.008 

0.21 

30° 

.009 

0.35 

40° 

.071 

0.02 

00° 

.070 

1.42 

90° 

.  089 

3 .  35 

ISO 

.785 

17.8 

Of  course*, for  full-centered  arches  in  which  2a  =  1S0°,  the  error  of 
tlie  il  nde  is  very  great,  but  the  tiil)ular  values  art*  correct. 

Since  an  elliptic  arc  may  l)e  considered  as  a  circle  in  which  the 
vertical  ordinates  have  all  l)een  shortened  by  some  constiint  ratio,  tin* 
same  law  and  same  |)ercentige  of  error  will  hold  true. 

For  any  other  cur\'e,  particularly  multi-centered  cur\'es,  the 
position  of  vm  may  Ik»  found  by  determining  by  trial  a  position  such 
that  the  summation  of  ecjually  spaced  ordinates  is  zero. 

429.  Weight  and  Thickness  of  Arch.  Theoretically,  this 
should  Ik*  known  lx»fore  any  calculations  are  made;  but  since  tlie 
weight  of  filling  and  pavement  are  always  largt»,  and  their  unit-weight 
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is  but  little  less  (lian  'tibat  of  the  concrete,  it  is  posmUe  to  estunate 
from  experience  on  the  required  crown  thickness,  and  to  make  the 
thickness  at  other  points  in  die  required  ratb.  If  diis  shouM  prove 
too  thin  (or  too  thick),  all  sections  can  be  changed  in  die  same  ratio. 
If  the  outline  of  the  intrados  is  determined  (as  in  die  case  of  an  arch 
spanning  railroad  tracks),  and  the  upper  surface  line  (of  earthwork 
or  pavement)  is  also  known,  the  change  in  the  ardi  ring  will  mean 
only  a  change  in  weight  due  to  the  difference  df  unitrwei^t  of  con- 
Crete  and  eardi  filling.  If  the  original  assumptkm  is  even  reascmably 
close,  this  diffeience  will  hardly  exceed  the  unoertamties  in  the 
loading. 

430.  Intrados.  The  span  and  rise  are  frequendy  predetermined. 
Fortunately  this  method  is  applicable  to  ahnost  any  form  of  curve,  if 

die  change  in  curvature  is  not  too 

^^jrtggCTfeig^^  extreme.    Even  if  the  ardi  is  very 

K        yiimSSiiiffliliit^^  '  flat  and  the  curvature  very  sharp 

rar  I  ^9     near  the  abutments,  it  only  means 

^^-- — * ^ r-^s   t^at  the  virtual  abutment  is  some- 

^\^^  I  ^y^        where  on  the  haondies.    There- 

^^s^^L^x^  fore,  draw  die  intrados;  assume 

Pig.  231.    Determination  of  l\)8ltlon  of  tin.      ^^^   1^7   ^ff  a   reasonable   CFO^Tl 

thickness;  multiply  this  thickness 
by  the  factors  given  in  the  tabular  form  in  Article  427  for  the  angles 
with  vertical  lines  made  by  the  various  nonnals  to  the  curve.  Tliese 
thicknesses  can  be  laid  off,  and  the  extrados  can  be  dmwn  through 
the  points. 

But  since  the  curve  OCB  of  Fig.  228  does  not  represent  either  the 
intrados  or  extrados,  but  the  center  line  of  the  rib,  we  should  draw  a 
line  midway  between  the  intrados  and  extrados  which  will  represent 
the  center  line  of  the  rib,  and  which  corresponds  to  the  line 
OCB  in  the  figures  which  refer  to  the  theoretical  demonstrations. 
This  also  means  that  the  span  of  the  rib,  measured  between  the  centers 
of  the  skewbacks,  will  be  slightly  greater  than  the  nominal  clear  span. 
The  rise  of  the  center  of  the  rib  above  the  line  joining  the  abutment 
points 0  and  B  will  in  general  be  slightly  different  from  the  nominal 
rise  of  the  arch. 
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COMPLETE  SOLUTION  OF  NUMERICAL  PROBLEM 
ELASTIC  ARCH 

4S1  Dini«isi«ns  of  Arch.     We  shall  apply  thp  above  prin- 

tiples  to  die  lesi^  f  a  segiiientiil  arch  I  aving  a  span  of  iA)  feet  and  u 
nse  f  1  feet  To  fin  I  the  ra  bus  for  the  ntm  1  w  wh  ch  will  fulfil 
ihcse  ct  11  litioiis  «e  may  n  te  f r  m  Fig  2.12  that  the  angle  O'B'C  is 
measured  bj  iie  half  of  the  arc  Of  an  I  therefore  O'B'C  is 
nc  half  of  the  angk  a  I  it  the  an(,le  0  1i  C  is  an  ngle  whose 
natural  tangent  equals  I  >  —  tO  or  prec  sely  0         lie    ngle  whose 


Fig.  233.    Kelufrircnl 


tangent  lias  tlrs  \-aIne  is  201°  34',  ami  therefore  a  equals  53°  S'.  To 
find  the  radius,  we  must  divide  the  half-sjKin  (3())  by  the  sine  of  53°  8', 
and  we  find  that  the  radius  equals  .37.50  feet. 

For  the  (Ie[)tb  of  the  ke_\-stone  we  can  employ  only  empirical  rules. 
The  depth  as  computed  from  Etjuation  47  would  call  for  a  keystone 
depth  of  al>out  27  inches,  which  would  be  proper  for  an  ordinary 
masonry  arth;  but  considering  recent  successful  practice  in  rcin- 
forced-concrete  arches,  and  the  far  greater  reliability  and  higher 
permissible  unit-stresses  which  may  be  adopted,  we  may  select  al)out 
3  of  this  — or,  say,  1 S  inches  — as  the  tlepth  of  the  arch  ring  at  flie  crown. 
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We  shall  compute  the  depth  the  arch  ring  should  have  at  various 
points,  according  to  the  tabular  form  in  Article  427,  so  that  the  mo- 
ment of  inertia  will  vaiy  in  the  latioj-,  whkh  wiU  make  Equaticms 

56  to  5S  applicable.  An  arc  of  1  degree  equab  .0175  of  the  radius, 
and  therefore  an  arc  of  1  degree  on  a  circle  with  a  radius  of  37.5  feet 
will  have  a  length  of  .6545  foot  At  a  distance  of  15  d^;rees  from  the 
center,  or  at  a  distance  of  9.82  feet,  the  depth  is  one  per  cent  greater 
than  the  depth  at  the  center,  or  it  is.  18.18  inches  deep. 

\t  90  degrees  from  die  center,  or  at  a  distance  of  19.63  feet 
measured  on  tihe  arc,  die  depth  is  5  per  cent  greater,  or  it  is  18.90 
inches  deep.  At  a  (Ustance  of  40  d^;rees  from  the  center,  or  26.18 
feet  measured  on  die  arc,  the  value  of  /^  is  9  per  cent  greater,  or  it  is 
19.62  inches.  At  45  d^rees  from  die  center,  or  29.45  feet  measured 
on  the  arc,  hial2  per  cent  greatsr  dian  the  center  depth,  or  the  depth 
is  20.16  inches.  At  SO  dqprees  from  the  center,  or  32.72  feet  measured 
ontfaearc,A  is  16  per  cent  greater,  or  its  thickness  is  20.88  inches.  At 
the  abutment,  which  b  53^  8^  from  the  center,  the  thickness  should  be 
(by  interpolation)  about  18  per  cent  greater  dian  at  the  center,  or  it 
sdiould  be  21 J24  inches,  or  say  2H  ii^ches. 

Laying  off  these  various  distances  from  the  center  on  the  in- 
trades,  and  measuring  radial  distances  at  each  point  to  represent  the 
proper  thickness  at  the  several  points,  we  may  join  the  various  points 
and  obtain  the  curve  of  the  extrados.  Bisecting  each  one  of  these 
several  arch  thicknesses  will  give  us  a  series  of  points  which  are  points 
on  the  center  line  of  the  arch  rib.  We  thus  find  that  the  actual  span 
may  be  considered  as  61.40  feet,  and  that  the  rise  is  scaled  at  15.25 
feet. 

432.  Position  of  vm.  When  the  center  line  of  the  rib  is  a  parab- 
ola, we  may  lay  off  vm  by  drawing  it  at  a  height  §  of  the  rise  above 
the  line  OB.  Even  when  it  is  a  circle,  it  is  comparatively  easy  to  com- 
pute with  mathematical  accuracy  the  height  of  OX,  by  computing  tlie 
area  of  the  segment  OCB,  and  dividing  it  by  the  length  of  the  line  OB, 
As  previously  explained  in  Article  428,  the  two-thirds  rule  may  be 
used  even  for  circular  arcs,  when  the  arch  is  very  flat.  In  this  partic- 
ular case,  the  two-thirds  rule  is  far  from  applicable;  and  since  for 
multi-centered  curves  no  such  rule  is  applicable,  the  general  method 
will  be  here  given.     We  divide  the  span  (G1.40)  into  20  equal  parts. 
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Practically  this  is  most  easily  done  by  setting  a  pair  of  dividers  hy 
trial  so  that  10  equal  spaces  may  be  stepped  off  in  the  length  of  the 
half-span.  From  these  division  points  on  the  line  OB,  erect  perpendic- 
ulars to  the  center  line  of  the  arch  rib  OCB.  The  area  of  a  curve 
l)ounded  by  a  straight  line  at  the  bottom,  and  which  has  vertical  and 
equally  spaced  ordinates,  may  be  computed  with  very  close  accuracy 
by  the  adoption  of  Simpson's  rule.  If  y^  represents  the  ordinate  at 
the  beginning  of  the  curve  (and  in  this  case  ^o  =  0),  while  y^  up  to 
y„  represent  the  lengths  of  the  several  ordinates  (^n  being  the  last  ordi- 
nate, and,  in  this  case,  also  equal  to  0;  and  n  being  equal  to  the  even 
number  of  divisions,  in  this  case  20),  then  the  area  may  be  expressed 
by  the  formula : 

Area  =  ^yjo  +  '*  (j/i  +2/3  +•  •  .y(»-i))-f  2(1/2  +  1/4  +  .  •    ..y(n-2))+  ijn  > 

(59) 

Applying  this  rule,  we  find  that  the  area  will  be  640.50  square  feet. 
Dividing  this  by  the  span,  61.40,  we  find  that  the  height  of  vm  above 
the  line  OB  will  be  10.59  feet.  The  approximate  two-thirds  rule 
would  give  us  10.17.  Making  a  rough  interpolation  in  the  tabular 
form  of  Article  428,  we  could  say  that  for  an  angle  2  a  equal  to  106°  1  G'» 
the  quantity  to  be  added  to  the  result  by  the  two-thirds  nile  would  Ix* 
approximately  5  per  cent.  Adding  5  per  cent  to  10.17,  we  would  have 
10.68,  which  gives  a  rough  check  with  the  far  more  accurate  value  just 
found. 

433.  Laying  Off  the  Load  Line,  We  shall  assume  that  the  arch 
(»arries  a  filling  of  earth  or  cinders  weighing  100  pounds  per  cubic 
foot,  that  the  top  of  this  filling  is  level,  and  that  it  has  a  thickness  of 
one  foot  above  the  crown.  Since  concrete  weighs  about  150  pounds 
per  cubic  foot,  we  shall  assume  this  weight  of  150  pounds  as  the  unit 
of  measurement,  and  therefore  reduce  the  ordinates  of  earthwork  to 
the  load  line  for  the  top  of  the  earth,  as  shown  in  Fig.  232.  We  shall 
assume  as  an  additional  dead  load  a  pavement  weighing  80  pounds 
per  square  foot,  and  shall  therefore  lay  off  an  ordinate  of  ^Y?r  ^f  ^l  foot 
above  the  ordinates  for  the  earth-filling  load.  For  this  particular 
problem,  we  shall  only  investigate  a  live  load  of  200  pounds  per  square 
foot,  extending  over  one-half  of  the  span  from  the  abutment  to  the 
center.    From  our  previous  work  in  arches,  we  know  that  such  a 
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loading  will  test  die  arch  more  severely  than  a  similar  miit  live  load 
extending  over  the  entire  areh;  and  therefore,  if  the  arch  proves 
safe  for  this  eccentric  load,  we  may  certainly  assume  that  it  will  be 
safe  for  a  full  load.  These  load  lines  are  laid  off  similarly  to  the 
method  elaborated  in  Article  409.  The  aidi  has  already  been  laid  off 
in  equal  horizontal  sections,  eadi  having  a  width  ot  3.07  feet  The 
two  end  sections  are  slightly  longer  if  we  ccmsider  the  entire  load 
which  is  vertically  over  die  extreme  ends  of  die  extrados  of  the  ardi. 
The  18  sections  lying  between  the  end  sections,  have  a  width  of  3.07 
feet,  and  a  variable  height  which  may  be  ccmsidered  as  extending 
fn»n  the  top  of  the  load  line  down  to  the  intrados.  We  may  therefore 
multiply  tl^  widths  of  these  sections  by  their  various  hd^ts,  and  by 
150,  and  obtain  die  number  of  pounds  weight  on  each  section,  and 
we  find  the  loads  as  follows: 


No.  OF  Skction 

LOADUffO 

No.  ow  Ssoncm 

LoADaio 

1 

6,860 

11 

1,889 

2 

4,589 

12 

1,957 

3 

3,860 

13 

2,095 

4 

3,070 

14 

2,173 

5 

2,526 

15 

2,716 

6 

2,102 

16 

3,140 

7 

1,757 

17 

3,684 

8 

1,481 

18 

4,474 

9 

1 ,343 

19 

5,203 

10 

1,275 

20 

7,620 

The  sum  total  of  this  loading,  which  represents  the  total  dead  and 
live  load  on  a  section  of  the  arch  one  foot  wide  (in  the  direction  of  the 
axis  of  the  arch),  is  63,814  pounds.  We  lay  off  these  various  loads  on 
the  right-hand  side  of  the  drawing  in  a  vertical  line,  using  a  scale  of 
5,000  pounds  per  inch.  Selecting  a  pole  o,  at  random,  we  draw  rays 
to  the  various  points  in  the  load  line. 

434.  Trial  Equilibrium  Polygon.  Conunencing  at  the  point 
0,  we  draw  the  segments  of  the  trial  equilibrium  polygon  parallel 
with  the  rays  in  the  force  diagram  which  run  from  the  point  Oj,  to  the 
load  line,  and  obtain  the  trial  equilibrium  polygon  OB^,  By  drawing 
from  Oj  the  line  o^n  parallel  to  the  line  OB,,  we  obtain  the  point  n  on 
the  load  line,  from  which  we  draw  an  indefinite  horizontal  line  which 
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will  be  the  locus  of  the  pole  of  the  true  equilibrium  polygon.  A 
vertical  from  the  point  o^  intersects  the  horizontal  from  n  in  the  point 
Oj,  and  this  would  be  the  pole  of  a  trial  equilibrium  polygon  whose 
closing  line  is  horizontal,  and  whose  vertical  ordinates  are  equal  to 
those  of  the  corresponding  vertical  ordinates  of  the  trial  equilibrium 
.  polygon  OBj.  It  is  only  necessary  to  find  the  proper  ratio  by  which 
these  several  ordinates  should  be  multiplied,  in  order  to  find  the  corre- 
sponding ordinates  of  the  special  equilibrium  polygon.  It  is  also 
Hecessary  to  shift  the  entire  trial  equilibrium  polygon  up  or  down, 
so  that  the  line  x!"'m!''  which  corresponds  to  it  shall  coincide  with  the 
line  vm  which  has  already  been  drawn.  The  special  line  v'^m'" 
corresponding  to  this  trial  equilibrium  polygon,  is  found  by  satisfying 
Equation  56;  but  since  dx  is  in  this  case  a  constant,  it  is  found  by 
determining  the  average  value  of  z"',  which  is  the  distance  from  any 
point  in  the  trial  equilibrium  polygon  to  the  proper  position  of  the 
line  xfm'**  corresponding  to  this  equilibrium  polygon.  If  the  trial 
equilibnum  polygon  had  been  again  redrawn  with  0,  as  a  pole,  it 
should  terminate  in  the  point  B;  but  it  is  practically  unnecessary-  to 
do  this,  since  we  may  draw  the  line  vm!  parallel  toOB^,  and  measure 
the  distance  from  vm!  down  to  the  various  points  of  the  trial  equilil)- 
rium  polygon  OB^  These  various  distances  in  the  column  headed 
2"^  are  as  given  in  the  accompanying  tabular  form  (page  414). 

We  have  here  the  rather  unusual  case  that  the  trial  equilibrium 
polygon  is  entirely  below  the  line  vw! ;  and  the  ordinates  are  all 
negative,  instead  of  being  partially  positive  and  partially  negative. 
In  any  case,  the  algebraic  sum  should  be  taken,  which  should  be 
divided  by  the  number  of  ordinates.  In  this  case  we  find  that  the 
mean  value  of  z"'  is  —3.44.  Drawing  the  line  v^^w!"  parallel  to  rm', 
and  at  a  vertical  distance  of  3.44  feet  below  it,  we  find  tlie  |K)sition 
of  the  vm  line  for  the  trial  equilibrium  polygon  OB^,  This  line  in- 
tersects the  trial  equilibrium  polygon  at  the  points  h"  and  h^.  The 
student  should  note  that  it  is  a  mere  accidenhil  coincidence  that 
the  point  A:^  comes  almost  exactly  on  the  intrados.  By  drawing  ver- 
/  ticals  from  A"  and  V  to  the  line  vm^  we  obtain  the  points  h  and  k, 
which  will  be  two  points  in  the  true  equilibrium  polygon. 

435.  Pole  Distance  of  the  True  Equilibrium  Polygon.  It  is 
necessary  to  Siitisfy  Equation  58.  We  shall  consider  in  this  case  that 
the  various  points  in  the  arch-rib  curve  and  in  tlie  special  e(|uilibrium 
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y 

t^ 

t^ 

f' 

tfit 

tt^f 

1 

1.66 

-9.04' 

-  14.01 

~  9.60 

-6.06 

-     9.39 

2 

6.16 

-6.44 

-  28.00 

-  7.16 

-3.71 

-   19.11 

3 

7.66 

-2.94 

-  22.60 

-  6.60 

-2.06 

-   15.76 

4 

9.70 

-0.89 

-     8.64 

-  4.20 

-0.76 

-     7.38 

6 

11.36 

+0.76 

+     8.64 

-  3.20 

+0.24 

+     2.72 

6 

12.70 

+2.11 

+  26.80 

-  2.36 

+  1.09 

+  13.84 

7 

13.76 

+3.16 

+  43.46 

-  1.70 

+  1.74 

+  23.93 

8 

14.46 

+3.86 

+  66.80 

-  1.26 

+2.19 

+  31.65 

9 

14.96 

+4.36 

+  64.46 

-  0.90 

+2.64 

+  37.95 

10 

16.20 

+4.61 

+  70.07 

-  0.66 

+2.79 

+  42.40 

16.20 

-  0.66 

+2.89 

11 

+  43.90 

12 

14.96 

-  73.15 

-  0.60 

+2.84 

+  42.46 

13 

•    14.46 
13.76 

+269.21 

-  0.80 

-  1.20 

+2.64 
+2.24 

+  38.15 

14 

+  30.81 

15 

12.70 

+  196.06 

-  1.80 

+  1.44 

+  18.27 

16 

11.36 

-  2.60 

+0.84 

+     9.63 

17 

9.70 

-  3.66 

-0.21 

-     2.04 

18 

7.66 

-  6.06 

-1.61 

-  12.32 

19 

6.16 

-  6.86 

-3.41 

-  17.66 

20 

1.65 

-  9.35 

-5.91 

-     ft.  16 

• 

+335.60 

212.90 

+  392.12 

-68.85 
-   3.44 

-  82.72 

1 

+  252 . 88 

polygon  are  the  points  where  these  two  lines  are  intersected  by  the 
load  lines  through  the  centers  of  the  20  sections.  Therefore  the 
points  where  these  verticals  intersect  the  center  of  the  arch  rib,  give 
the  points  from  which  we  measure  down  to  the  line  OB,  and  obtain 
various  values  for  y  which  are  given  in  the  tabular  form  above  (Article 
434).  From  Fig.  228  we  may  observe  that  /  equals  the  numerical 
difference  between  the  value  of  y  and  the  distance  from  OB  up  to 
the  line  vm.  This  distance  has  already  been  computed  at  10.95  feet. 
Therefore,  having  scaled  off  as  accurately  as  practicable  the  various 
values  of  y,  it  is  unnecessary  to  scale  off  the  values  of  2',  but  merely 
to  take  the  numerical  difference  (carefully  observing  the  algebraic 
sign)  between  10.59  and  the  various  values  of  y.  We  thus  obtain  the 
values  of  2/  as  given  in  the  tabular  form.  Since  J  measures  the  ordi- 
nates  to  points  in  the  curve,  and  since  the  curve  is  symmetrical  about 
its  center,  it  is  unnecessary,  in  this  case,  to  set  down  the  vfilues  of  ^i  on 
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both  sides  of  the  center;  and  therefore  only  the  values  from  1  to  10, 
inclusive,  are  written  down  in  the  tabular  form.  Multiplying  the 
corresponding  values  of  y  and  z',  we  find  the  products  as  given  under 
the  heading  yz/.  Adding  these  products  for  the  half-span  of  the  arch, 
we  find  an  algebraic  summation  of  +  196.06;  multiplying  this  by 
2,  we  find  that  the  algebraic  summation  for  the  entire  arch  is  + 
392.12. 

The  ordinates  zf  are  measured  from  vm  to  the  trial  equilibrium 
polygon  when  it  has  been  shifted  not  only  so  that  its  closing  line  is 
horizontal,  but  also  shifted  vertically  (up  or  down)  so  that  its  line  i/^m'" 
corresponds  with  vm\h\xi  it  is  unnecessary  to  draw  it  in  that  way,  smce 
we  may  measure  the  ordinates  from  the  transposed  line  v  m',  because 
we  know  that  they  are  in  each  case  the  equal  of  the  ordinates  as  they 
would  be  if  the  transposition  had  been  actually  made.  But  the  lengths 
of  these  ordinates  below  vmf  have  already  been  determined;  and 
since  we  know  that  t/''  rn!^'  is  3.44  feet  vertically  below  vm\  we  need 
only  change  the  ordinates  ^i"  by  3.44  (taking  care  of  the  algebraic 
sign),  and  we  then  obtain  the  values  of  z"  as  given  in  the  tabular  form. 
Multiplying  each  value  of  z^  by  the  corresponding  value  of  y,  we 
obtain  the  various  values  (plus  and  minus)  for  yz^  as  given  in  the  last 
column  of  the  tabular  form.  The  algebraic  sum  of  these  quanti- 
ties is  +  252.88. 

Since  this  value  is  less  than  the  value  of  the  summation  of  yz', 
we  must  select  a  smaller  value  of  i/,  so  that  the  values  of  z^  will  be 
proportionately  larger.  We  must  therefore  use  a  pole  distance  which 
shall  be  smaller  than  0^  in  the  ratio  of  252.88  to  392.12.  To  solve 
this  graphically,  we  must  draw  an  indefinite  line  nsy  and  lay  off  the 
distance  ns  equal  to  392.12,  at  any  convenient  scale.  Laying  off  a 
distance  n/  at  the  same  scale  so  that  it  equals  252.88;  we  may  then 
join  s  and  Oj,  and  draw  a  line  from  /  parallel  to  sO^,  obtaining  the  point 
O3  which  is  the  required  pole  of  the  special  equilibrium  polygon. 

436.  Locating  the  True  Equilibrium  Polygon.  We  know  that 
the  segments  of  the  true  equilibrium  polygon  must  be  parallel  with 
the  rays  of  the  force  diagram  which  has  its  pole  at  O3,  and  also  that 
it  must  pass  through  the  points  h  and  h  on  the  line  vrti.  The  point  h 
lies  between  loads  4  and  5;  therefore  we  draw  through  the  point  h 
a  line  parallel  to  the  ray  of  the  force  diagram  from  O3  to  the  point  on 
the  load  line  between  load  4  and  load  5.     Similarly,  since  the  point  h 
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lies  between  loads  16  and  17,  we  mav  draw  through  k  a  segment  of 
the  equilibrium  polygon  which  is  parallel  to  the  raj  from  O,  to  the 
point  on  the  load  line  which  b  between  load  16  and  load  17.  In 
order  to  avoid  inaccuracy,  the  s^ments  of  the  equilibrium  polygon 
should  be  drawn  from  these  two  segments  each  way  toward  the  crown 
of  the  arch  and  each  way  toward  the  abutments.  As  a  check  <m  the 
work,  these  separate  sections  of  the  equilitnium  polygons  should 
accurately  meet  at  the  top  of  the  arch,  and  they  should  also  reach  the 
last  verticals  throu^ Oand  B  at  pcHnts  which  are  on  the  same  hari- 
zanial  line.  It  is  merely  a  coincidence  that  these  points  O'  and  B" 
are  almost  exacdy  at  the  same  levd  as  the  lowest  point  of  the  skew- 
backs. 

437.  JWarimnm  Moment  nnder  this  Loaifing.  An  inspection 
of  the  diagram  shows  what  might  be  expected,  that  the  maximum 
moment  occurs  on  the  right-hand  side  of  the  arch,  neariy  under  the 
center  of  the  live  load  and  venr  near  to  load  16.  At  this  point  the 
vertical  distance  z,  between  die  equilibrium  polygon  and  the  center  of 
the  arch  rib,  is  0.55  foot,  or  6.6  inches.  The  pole  distance  O/i,  scaled 
at  5,000  pounds  per  inch,  indicates  22,650  pounds;  therefore  the 
moment  at  that  point  equals  22,650  X  6.6  =  149,490  inch-pounds. 
It  raav  be  ol^sened.  also,  that  the  moment  at  the  abutment  scales 
exactly  the  same  quantity*,  a^^  nearly  as  it  can  l*  measured,  hut  the 
moment  is  of  contrarv  sioi-  In  other  wonis.  the  intrados  w.ll  be  in 
tension  under  load  !*"»,  and  in  compression  at  ilie  two  abutments.  If 
this  arch  were  reinforced  viilh  |-inch  bars  spaced  12  inches  apart,  in 
lx)lh  the  top  and  the  l>ottom.  thi^re  would  then  lie  two  such  Ixirs  in 
each  section  of  the  arch  one  foot  wiiie;  and  the  area  A  >ee  Ex{uatic-n 
55"^  woiiM  Iv  the  area  of  'mv  such  Uir.  or  O..V»  square  inch.  Since 
the  «!epth  oi  the  anh  at  the  abutment  hi  is  21.2-">  inches,  then  Ah 
tquals  '^.•^;  an«l.  by  >'ih<tin:r!n::  these  quantities  in  Equation  55, 
we  H:.»i  that  the  moment  of  inertia  is: 


Thtr:.  t-an-r^^-:  .:  ''a  t-riar  ••n  M   -    '      into  the  eiiuati«»fi  p  =    ' 

wt   rr-.iy  >.  f:-:  t  I'l   f  >r  M  ir>    vah;*    14  ♦.4*«>;  f4»r  c  the  half-ilej>ih  .'f 
the  i>*-a::i,  l".»>-o;  and  l«*r  /  the  value  luiinJ  aUnv,  10,o*V4;  and  find 
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that  the  unit-stress  in  the  concrete  at  the  abutment  equals  about  151 
pounds  per  square  inch. 

For  this  particular  case  of  loading,  the  moment  at  the  crown  is 
almost  zero,  since  it  may  be  observed  from  the  drawing,  that  the 
special  equilibrium  polygon  crosses  the  center  line  of  the  rib  about 
18  inches  at  the  right  of  the  center.  This  crossing  indicates  a  point  of 
contraflexure  where  there  is  no  moment.  Also,  since  the  equilibrium 
polygon  is  below  the  center  line  of  the  rib  at  the  crown,  it  indicates 
that  such  moment  as  there  is  for  this  loading  is  negative ;  or,  in  other 
words,  the  tension  is  on  the  upper  side  of  the  rib.  This  same  kind 
of  moment  exists  on  the  entire  left-hand  side  of  the  arch  for  this 
loading.  It  should  also  be  observed  that  there  is  another  point  of 
contraflexure  a  few  feet  from  the  right-hand  abutment.  It  will  be 
shown  later  that  the  thrust  at  the  abutment  has  a  greater  intensity  per 
square  inch  than  the  maximum  compression  or  tension  ckie  to  moment. 
This  practically  means  that  the  compression  side  of  the  arch  is  sub- 
jected to  the  combined  compressions  due  to  thrust  and  moment ;  while, 
on  the  other  side,  the  thrust  more  than  neutralizes  the  tension,  and 
actually  relieves  it  altogether. 

Near  the  crown  of  the  arch,  the  thrust  is  not  so  great,  and  will 
not  wholly  neutralize  the  tension  due  to  moment.  In  order  to  with- 
stand the  various  stresses,  the  rib  must  have  a  larger  cross-section 
than  would  be  required  for  moment  alone.  This  means  that  the 
equation  developed  in  Article  271,  Part  III,  J/  =  G2  b(P,  can  be  utilized 
only  in  a  roundabout  way.  For  example,  the  moment  at  the  abut- 
ment was  computed  above  as  149,490  inch-pounds.  But  a  section  12 
inches  wide  and  19.125  inches  deep  to  thereinforcement,  should  with- 
stand a  moment  of  272,300  inch-{)ounds  with  0.43  per  cent  of  steel. 
The  above  moment  is  only  55  per  cent  of  this.  Therefore  55  per  cent 
of  the  steel,  or  .55  X  .00436d  =  .002366d  of  steel,  could  safely  carry 
the  tension.  But  the  actual  ratio  of  steel  adopted  was  .00245.  As 
shown  above,  the  steel  at  the  abutment  is  unnecessary  for  transverse 
moment  and  for  this  condition  of  loading.  Nearer  the  crown,  the 
moment  is  less;  but  the  relief  to  tension  afforded  by  thrust  is  very 
much  less,  and  the  steel  has  much  more  to  do.  With  other  conditions 
of  loading,  it  will  also  be  different;  and  therefore  (he  same  amount 
of  steel  J-inch  bars  spaced  12  inches,  in  both  top  and  bottom,  is  used 
throughout. 
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438.  Maximam  Thrust  Due  to  this  Loacfiof^.  The  thnist  at  anj 
point  of  the  arch  is  measureri  bv  the  projection  onto  the  tangent  to 
the  arch  at  that  point,  of  the  corresponding  ray  of  the  force  dta^num. 
Since  the  rays  of  the  force  diagram  which  are  parallel  ti>  the  z^etnnent^ 
of  the  ef|uilibriuin  polygon  are  apprr>xiniately  tangent  to  the  arr  h  rib, 
it  is  approximately  true  to  measure  the  thrust  at  any  point  by  mea>urin;z 
the  corresponding  rays  of  the  force  diagram;  but  a  more  precise 
value  may  be  founil  by  drawing  a  line  from  one  end  of  a  ray  parallel 
to  the  corresponding  tangent,  anrl  projecting  the  ray  on  iL  This 
method  is  particularly  useful,  since  it  measures  at  die  same  time  the 
amount  of  the  shear  at  that  point,  as  will  l^ie  es^piainetl  in  the  next 
article.  SiiKe  the  increase  in  the  thickness  of  the  arch  is  compara- 
tirely  slight  from  the  crown  to  thealMitment.  in  this  particiilar  prolJem, 
aiMi  since  the  amount  of  the  thrust  e\Tdendy  increases  very  rapidly 
toward  the  abutment,  the  critical  point,  so  far  as  the  thrust  is  ctMi- 
cemerl,  is  evidendv  at  the  abutment.  Therefore  we  mav  draw  frmn 
the  lower  end  of  load  20,  a  line  parallel  to  the  tangent  to  the  curve  at 
the  aVnitment,  and  oVitain  the  line  irx.  which  scales  -K);.2Qr)  pounds, 
and  which  therefore  measures  the  thrust  at  the  aliatmenL  Since 
the  abutment  i>  21.2->  imh<*^  thick,  the  area  *A  a  section  c^ne  f*«ni 
wi.ir  i-  2-V»  -jj^iiin-  ir.- ]jt-.  l^ioiiixj  iIa^  iM«*  4<Oi"»,  we  h;iv«  a 
<jii«M:t M  "f  1 -'♦'^  ;i>  !]:♦/  'j'-ii-rv»r.jT«r' --.-}":.  ]«».t  ^riav*/  ir.-.-ii  «i';f  v*  i);nj-i. 

f  :^r«  ]••;::.-:-  ]k'T  >'i':i:xTt:  ;:.e]i  ai  :!.f  .ii'-.-j:.*  i.i.  T*-i>  <H^»ni}»Tv»iMn 
l*^^  :.'  :  *i7i""i\  f. 'T  UT..;»tni::;ri  .-Trt-SM--.  v^ :.}•:!:  xsriH  iif  c-c»ij:;[>uu>i  Inter, 
iiv.i]  Vi].'n].  :r.;iv  txi-T  >:r!":;i.t.'^.:.iv.u>:v  w:::.  i?:t/ >tre>.-<->  <iiie  to  moment 
an«!  i<»  il.r.:>:. 

4 >i.'.  Shear  at  \m  Seaion.  T:.*  >*:^^.r  at  a:jv  Motion  L-  meaf^ 
UTx\l  ]'\  ::.!  \>T"':t>U'>:.  <•:.:••  :":.t  tj  •ni.ul  :-.  The  arci]  nl»,  of  i]je  cxure- 
s]>>ri-,iir:^  r;-.}  »'i  n.i  *iC(\  *".i.i^:T:.:y..  I:  i-  >ti.].»i:i  iluit  the  shc^ir  is  a 
seri.>::>  Uu  ut  ir.  iht  t::t>ijTi  .■:  a:':  an  r..  ^^  inTi^-ver  i*>  in  the  ease 
jnvi  IniMj  w.  rkt^i  <•::  :].<■  e  .:::l:t«riur:^.  |^»<»]y::or:  «Y»incii]i^  ai>T>ro\i- 
m:iul\  \\i:h  ihi  anh  r:*  .  :r.t  .-'.ear  i-  vt-n^  siyiiill.  AMier.  the  amount 
of  tlto  iV.niST  i>  tief::.:;r';y  e- •r/.T»'.iT(-L  r^-  ^ittern-jintii  aWtve.  the  Hmrmnt 
of  the  shear  at  the  .same  jvorji  m*sy  In  n^dily  .j.  um/::'i>i  at  thi  same 
tiiiu\ 


< 
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For  example,  the  shear  at  the  abutment  is-  the  projection  of  the 
ray  O^  onto  the  line  O^iy  which  is  jmrallel  to  the  normal  to  the  curve 
at  B,  This  line,  scaled  at  the  rate  of  5,000  pounds  per  inch,  indi- 
ciiti*s  a  shear  of  about  2,2(K)  pounds.  Dividing  this  by  225,  the  area 
of  the  section  of  the  arch  at  that  point,  the  unit-shear  is  less  than  10 
pounds  per  square  inch,  which  of  course  may  be  neglected.  The 
shear  in  any  arch  may  be  very  easily  tested  by  noting  the  portion  of 
the  specuil  ecjuilibrium  polygon  which  makes  the  largest  angle  with 
the  direction  of  the  arch  rib  at  any  point;  the  larger  the  angle,  the 
grejiter  the  shear.  If  the  arch  is  tested  at  that  {X)int,  and  the  shear  is 
found  to  be  insignificant,  or  well  within  the  |X)wer  even  of  plain  con- 
crete to  carry,  there  is  no  need  for  further  investigation. 

On  the  other  hand,  there  are  minor  stresses  which  occur  in  arches 
as  well  as  other  concrete  structures,  which  must  be  provided  for. 
These  are  caused  by  a  possible  excessive  concentration  of  loading; 
p(xssible  stnictural  weakness  due  to  a  poor  quality  of  concrete  in  com- 
paratively limited  areas;  the  effect  of  slight  setdement  of  the  founda- 
tions, etc.  On  account  of  these  various  stresses,  which  are  more  or 
less  non-computable,  it  is  the  usual  practice  to  insert  bars,  which  are 
not  only  useful  in  taking  up  shear,  but  also  tend  to  bind  the  whole 
structure  together,  make  it  act  more  nearly  as  a  unit,  and  permit  the 
structural  weakness  in  local  spots  to  be  made  up  by  the  strength  of 
the  sounder  portions  of  concrete  around  it;  and  therefore  shear  bars 
are  put  in,  such  as  are  illustrated  in  Fig.  235.  These  bars  are  laced 
between  the  upper  and  lower  sets  of  bars  that  run  parallel  with  the 
axis  of  die  arch.  By  this  mams,  not  only  are  the  upper  and  lower 
sets  of  reinforcing  bars  tied  together,  but  the  bars  have  such  a  di- 
rection that  diey  can  tiike  up  any  shearing  force  which  may,  by  any 
chance,  be  developed. 

440.  Temperature  Stresses.  The  provision  which  should  be 
made  for  temperature  stresses  in  a  concrete  arch,  is  often  a  very 
serious  matter,  for  the  double  reason  that  the  stresses  are  sometimes 
very  great,  and  also  because  the  whole  subject  is  frecjuently  neglected. 
It  will  be  shown  later  that  the  stresses  due  to  certain  assumed  changes 
of  tem{K*rature  may  be  greater  than  those  due  to  loading.  There  is 
much  uncertainty  regjirding  the  actual  temperature  which  will  be 
assumwl  by  a  large  mass  of  concrete.  The  practice  which  is  common 
and  proper  with  metal  structures,  is  not  applicable  to  masonry  arches. 
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A  steel  hrkl^.  with  its  high  thermal  cofKlueti^-itv,  will  reaiiOy  absorb 
or  clLsc'harge  heat ;  and  it  is  usually  assuineil  that  it  will  readily  acquire 
the  temperature  of  the  surrounfling  air.  On  the  other  hand,  con- 
crete is  relatively  a  non-conductor.  Xo  matter  what  changes  of 
temperature  may  take  place  in  the  outer  air,  the  interior  of  the  coo- 
Crete  will  change  its  temperature  verj-  slowly.  One  test  bearing  on 
this  subject  was  conducte*]  by  burying  some  electrically  recording 
thermometers  in  the  interior  of  a  large  mass  of  concrete,  and  recording 
the  temperatures  as  they  varied  for  a  period  of  tea  months,  which 
included  a  winter  season.  It  was  found  that  the  total  variatioD  of 
temperature  n-as  but  a  few  degrees. 

It  is  proljably  safe  to  assume  that  even  durii^  the  coldest  of 
winter  weather  the  temperature  of  the  interior  of  a  large  mass  of 
concrete  will  not  Call  below  that  of  the  mean  temperature  for  the 
month.  Since  the  Weather  Biu^eau  reconis  for  temperate  climates 
show  that  the  mran  temperature  for  a  months  even  during  the  winter 
months,  is  but  little  if  any  below  freezing,  it  may  usually  be  assumed 
that  for  concrete  a  fall  of  30  degrees  below  the  temperature  of  coo- 
stniction  ''say  00°)  will  be  a  sufiBcient  allowance.  A  rise  of  tempera- 
ture  to  9f}F  F.  is  probably  much  irreater  than  would  ever  l>e  foumUn 
an  arch  of  c-«»ncrete.  The  earth  ixvA  psavement  ct^verinc  protect  the 
arch  fr«»m  t'lie  «lin^t  acti«»ri  «»f  ::.e  -iir..  Even  lu  the  hr^nest  <!av,  the 
5f>ac-e  ur.iit-r  a  ma>i«nri'  arrh  ^eery;-  f-*"*].  an*:  tht-  reii!  iemf>eniiure  of 
thi*  ma>««nn'  j»ri»Uit»:y  «:.K-i  tj  i  exc-t-e»i  7"',  e^■e^  if  the  outer  air 
rt'^T-tt  rs  **-"•-.  If  Tvr  thtrt'f'.rt-  ctal^  ■:LiTe  the  stres>  prrBl;ut^l  ly  a 
ch*:i!i^'  ••!  :enii»t-r:it.:r»-  '-f  •>'  Tit-jn^^e-  fTt>n:  the  tenipierarure  c»f  con- 
-ir.:«  ::>:..  wt-  art-  ;0'?i:»:-lv  excx^iir.^  the  reai  sn^ev-^es  prtxiueei^l. 
Evr!.  ::  :!.:-  t\:rt-::.e  \::r.::  -h"'^^:  ':»^  >««nieti:ne<  exct^ieii,  h  >mif»ly 
low.  r-  :rr/.>  r.-.r:.v  :ht  fii*  t-r  "f  -v.>:v  ^v  a  siirf^ii  iierc^Dtaire.     Tlie 

.-•.-^it!'.:..  w'r.i.  1.  ha-  '!«t>-r  a.iai.ie*:  fr»»ii:i  that  in  <"huiTh's 

St*.::  !.  •»^*'  .  ^:!.  '^  -i^^  n':«nh  Km  xsiihoui  <lenn»n- 

t    !.;r.-..:r.t :.:...    t-*  ■:.!  ■:<•:.>.    w^.K-h    de[ifi,M:    :»:.    i*ial»«»niie 

»i  J..  .1  ...a  . .«. .. .   .i..>  ■ ^.        .\>''...-.' 


!*>:.  •%x  ;::j  .:t::; 


•Mt>:. 


1  .»  .V 


•ir.i 


i. 


I  - 


•-•■r-:   r-     "  -   :    r-i  r»'V-::T5    the 

" — '    :..:.?*'  '.Is*'.'  - 

:  L  ,y  L'.  r^  :.s-  ^ziH-d  T  •  Ih  CXii»l»C^'»a : 
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//f  =  Imaginary  horizontal  forces  which  would  product*  the  same   Ktrc»ss   on 

the  arch  as  that  pnnluccd  by  any  assumed  cliange  of  tenipeniture; 
d  =a  Height  of  the  line  of  action  of  lit  above  the  abutment  level. 

The  other  symlx)ls  are  as  previously  used.  In  Fig.  233,  the  heavy 
full  line  l)etweenO  and  B  represents  the  arch  rih  in  its  normal  and  un- 
strained condition.  If  it  were  free  to  expand,  it  would  assume  some 
such  form  as  indicated  by  tlie  dotted  line  O'C'B';  but  since  the  arch 
is  fixed  at  the  abutments,  the  arch  rib  is  forced  to  preser\'e  the  same 
distance  l)etween  the  abutments,  and  the  tangents  to  the  rib  at  the 
abutments  remain  fixed  in  direction.  The  rib  therefore  is  forced  to 
the  form  O  C  B.  Of  course  the  relative  distortion  is  enormously 
exaggerated.  These  two  rcHjuirements  furnish  the  datii  for  the 
equations  given  be- 
low. Ifthearchrib  ---'"i^-^ 
wxTe  assumed  to  be  '"  ^^ 
extended  by  the  ad- 
ditionof  the  imagin- 
ary arms  as  shown,  ^' 
and  the  two  equal  '    ,/ /                I  I  \''     ^ 

and  opposite  forces  It "^ — t --f-^J 

(//,)  were  acting  as 
indicated,  these 
forces  would  hold 
tlie  arch  rib  rigid  against  the  tendency  to  cxjmnd  or  to  change  its 
direction  at  the  abutments.  Considered  as  an  example  of  the  general 
case  oi  an  arch  rib  acted  on  by  forces,  we  may  consider  that  the  arch 
rib  is  acted  on  only  by  these  two  ecjual  and  opposite  forces  //,.  Their 
line  of  action  is  the  vm  of  the  prol)lem,  as  previously  explained;  and 
d  Is  therefore  the  distance  from  the  abutment  up  to  this  line  vm.  The 
e(|uation  which  is  based  on  the  fact  that  the  span  of  the  arch  is  not 
changed  by  the  temperature,  or  that  it  does  noi  expand  from  OB  to 
O'J?',  is  as  follows: 


■«.«^ 


FIr.  233.    TemiKTature  Stresses  in  Arch  Klb. 


L(t-Qr 


A  J  ,;     I 


(I)  //  ils 


(60) 


The  fact  that  there  was  no  change  in  direction  of  the*  tangents,  gives 
rise  to  theefjuation: 

^•/\v-./)'^o (61) 
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As  l)efore,  we  must  allow  for  the  variable  moment  of  inertia,  /;  but 
since  /  =  n/^  and  d8  =  ndx,  then  -—  =  — ,  and  Equation  61  becomes : 


itsy-^'"-*- 


s 


EI 

But  since  //„  /i,  and  /^  are  all  constants,  we  may  drop  them  in  this 
case,  and  write  the  ecjuation : 

n 

i> 

Since  (/  is  a  consfiint,  this  e<|uation  virtually  means  that  the 

sununation  of  all  the  ys  l)etween  B  andO  equals  d  times  the  number  of 

stHiions.     But  the  summation  of  the  y  s,  as  shown  in  the  tabular  form 

in  Article  -KM,  is  212.90  feet,  or  2,544.8  inches.     DiWding  this  by  20, 

wo  have  127.24  mches,  which  is  the  value  of  d,  or  the  height  of  vm 

aUne  the  abutment,  and  is  the  distance  above  the  abutment  of  the 

line  of  action  of  the  jxiir  of  imaginan*  forces  //,  which  will  produce 

tlic  same  strt^ss  in  the  arch  as  the  assumed  change  in  temperature. 

K<;uatiiHi  60  may  l^e  transposed  so  as  to  solve  for  H^,  and  we  may 

I         ^.       rfjr   •       ds  ^ 
write  \^sulv<titutm^         for        >: 


J   o  -' 


Fv^r  :^:;;v:'v;xl  i:<<\  wi^  :rur:<Iv»rtn  the  JtiA^niinaior  v{  thf  aK»\f  t*\- 

»•  ••  .  *•"'»•'»•  '  y    '      1      '  t 


V       « 


•  .  .». i        v\i.   ..  .    ^  J     lilt:'  ::_«-c:t;si:  .£  ji«r!t::ii     f  ntr 
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arch  rib  at  the  center,  in  a  similar  manner  to  the  computation  in 
Article  437,  we  find  a  value  of  6,529  biquadratic  inches. 

Substituting  all  the  known  values  in  the  above  equation,  we  have: 

„         720  X  30  X. 0000065X2,400,000X6.529         __, 
"' "  2;495;984  ^^^• 

(y  "  d)  for  center  =  183  -  127.2  «  55.8 

{y  -  d)  for  abutments  =  0  -  127.2  «  -  127.2. 

The  moment  produced  by  the  assumed  change  of  temperature  of 
30  degrees,  is  therefore  as  follows: 

At  the  center,  881  X  55.8  =  49,160  inch-pounds. 

At  the  abutmente,  881  X  (-  127.2)  «   -  112,063  inch-pounds. 

It  was  computed  above,  that  a  moment  of  149,490  inch-pounds  at 
the  abutment  would  produce  a  unit-stress  in  the  concrete  of  151 
pounds  per  square  inch;  therefore  a  unit-stress  produced  in   the 

abutment  by  a  moment  of  112,063  pounds  would  be  ^rJ^.^  X  151 

i4y,4yu 

=  113  pounds  per  square  inch.  In  cold  weather  the  effect  of  the 
moment  due  to  temperature  would  be  to  produce  compression  at  the 
intrados  at  the  abutment,  and  tension  at  the  intrados  at  the  crown; 
but  it  was  found  above,  that  the  compression  at  the  intrados  at  the 
abutment  due  to  transverse  moment  and  to  thrust  totaled  309  pounds 
per  square  inch.  Adding  the  stress  due  to  temperature,  we  have  a 
total  of  422  pounds  per  square  inch.  If  the  reduction  of  temperature 
below  the  temperature  of  construction  was  more  than  30  degrees,  the 
stresses  would  be  increased  in  direct  proportion.  If  the  reduction 
of  temperature  was,  say,  40  degrees,  instead  of  30  degrees,  the  added 
stress  due  to  temperature  would  be  about  151  pounds  per  square  inch. 
On  the  other  hand,  during  warm  weather,  the  effect  of  a  rise  in  tem- 
perature will  be  to  relieve  the  strain;  and  the  net  compression  or 
tension  will  be  less  than  that  which  would  be  due  to  direct  loading  and 
to  thrust.  For  the  loading  which  has  been  computed,  the  moment 
due  to  loading  at  the  crown  is  very  small,  and  is  in  the  opposite  direc- 
tion to  the  moment  usually  produced  by  a  load  over  the  entire  arch. 
It  is  generally  true  that  in  cold  weather  the  arch  is  stressed  by  the 
sum  of  the  stresses  due  to  transverse  moment,  thrust,  and  temperature; 
in  warm  weather  the  stresses  usually  tend  to  counteract  each  other. 
Cold  weather  is  therefore  a  critical  time  for  an  arch,  and  the  time 
when  an  excess  of  live  load  would  be  particularly  dangerous. 


448 


424  M.\SOXRY  AND  RELXFORCED  CONCRETE 

441.  Stresses  Due  to  Rib  Shortening.  The  compression  in  a 
rib  results  in  shortening  the  arch  rib  very  slightly;  and  this  produces 
precisely  the  same  effect  in  altering  the  moment  as  an  equivalent  fall 
in  temperature.  For  ejcample,  in  the  above  case,  we  have  at  the  abut- 
ment a  thnist  of  20l>  pounds  per  s<|uare  inch;  dividing  this  by  E,  the 
moiiulus  of  elasticity,  2,400,000,  we  have  .0001233,  the  proportional 
shortening;  di\'iding  this  by  .00000(>5,  the  coefficient  of  expansion, 
we  find  that  the  thrtist  due  to  this  rib  shortening  is  the  equivalent  of  a 
reduction  of  temperature  of  10  degrees.  Since  we  have  found  that  a 
reduction  of  temjierature  of  30  degrees  produced  a  unit-stress  of  113 
pounds  per  s<]iiare  inch,  a  rirtual  reduction  of  19  degrees  would  pro- 
duce a  unit-stress  of  72  pounds  per  square  inch.  Since  such  a  stress 
is  always  the  same  as  that  due  to  a  reduction  ot  temperature,  and  since 
thy  aAwsLxs  has  the  effect  of  increasing  the  stresses  for  usual  loading, 
such  unit-stress  must  be  added  to  the  value  found  above;  therefore, 
adding  this  72  pounds  per  square  inch  to  the  total  previously  found 
^422>,  we  have  a  unit-compression  at  the  intrados  at  the  abutment,  of 
494  pounds  per  square  inch. 

442.  Testing  this  Arch  for  Other  Loading.  A  live  load  of  200 
pounds  per  square  foot  over  the  entire  arch  would  unquestionably 
incrc;ise  the  thnist  over  the  entire  arch,  especially  at  the  abutments. 
Tlic  stn^^  ihie  to  shortening  will  of  course  be  increased  in  proportion 
to  the  increase  in  the  thnist.  The  stress  due  to  moment  cannot  l)e 
accurately  preilicttHl.  Of  course  such  an  examination  and  test  for 
full  loadin»x  shouM  l>e  made  in  the  case  of  any  arch  to  l)e  constnicted, 
and  should  Ik*  worketl  out  precisely  on  the  same  principles  and  in 
genenil  by  iilenti(*iilly  the  Siime  method  as  was  used  alwve. 

To  test  the  arch  for  a  concentrates!  loading  such  as  would  be 
produceil  by  tlie  jxiss;ige  of  a  road  roller,  or,  in  the  case  of  a  railroad 
briilge,  by  an  esjHxially  heax^y  locomotive,  the  test  must  be  made  l)y 
assuming  the  jx)sition  of  that  concentrated  load  which  will  test  the 
aK'h  most  severelv.  Onlinarilv  this  will  be  found  when  the  concen- 
trated  load  is  at  or  near  one  of  the  quarter  points  of  the  arch.  The 
only  mcxlifieation  of  this  test  over  that  given  above  in  detail,  is  in  the 
drawing  of  thv  load  line,  but  the  general  method  is  identical. 

443.  Testing  an  Arch  with  Variable  Moments  of  Inertia.  It  lias 
alrea<lv  been  in(licate<l  how  the  (Hiuations  on  which  the  arch  theor\^ 
is  Iwistnl  may  be  simplified  when  the  moment  of  inertia  is  constant. 
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The  above  problem  was  worked  put  on  the  basis  that  the  moment  of 

ds 
inertia  varied  in  the  ratio  of  -— .    In  either  case  the  solution  is  con- 

ax 

siderably  simplified.  Arches  are  frequently  designed  where  the  mo- 
ment of  inertia  varies  according  to  some  other  law.  The  very  fre- 
quent practice  is  to  increase  the  thickness  of  the  arch  toward  the  abut- 

ds 
ment  much  more  rapidly  than  the  --  rule  would  call  for,  and  thus 

QrSC 

increase  the  moment  of  inertia  of  the  arch  much  more  rapidly.  In 
such  a  case.  Equations  49  must  be  used;  and  the  summations  must 
be  made  up  by  computing  for  each  unit-section  the  value  of  the 
moment  of  inertia  for  that  point,  and  by  measuring  ds  along  the  length 
of  the  arch  rib.  This  means  also  that  the  sections  of  dead  and  live 
load,  instead  of  having  a  constant  width  (as  in  the  above  problem), 
have  a  variable  width,  and  the  loads  must  be  separately  computed. 
While  there  is  nothing  especially  difficult  about  such  a  solution,  it 
involves  considerably  more  work. 

HINGED  ARCH  RIBS 

444.  Oeneral  Principles.  The  construction  of  hinged  arches  of 
reinforced  concrete  is  very  rare,  but  is  not  unknown,  and  will  probably 
come  into  greater  use  when  their  advantages  are  more  fully  realized. 
We  may  consider  that  structurally  they  consist  of  curved  ribs  which 
have  hinges  at  each  abutment,  and  which  may  or  may  not  have  a  hinge 
at  the  center  of  the  arch.  The  advantage  of  the  three-hinged  arch 
lies  in  the  fact  that  it  is  not  subject  to  temperature  stresses.  The 
two-hinged  arch  is  partially  subject  to  temperature  stresses,  but  not 
to  so  great  an  extent  as  the  fixed  arch,  since  the  arch  rib  is  not 
held  rigid  at  the  abutments  as  in  the  case  of  the  fixed  arch.  Prac- 
tically the  hinges  are  made  by  having  at  each  hinge  a  pair  of  large  cast- 
iron  plates  which  are  a  little  larger  than  the  size  of  the  rib,  and  which 
have  at  their  centers  a  bearing  for  a  pin  of  due  proportionate  size. 
The  bearings  are  so  made  that  one  may  turn,  with  respect  to  the  other, 
about  the  axis  of  the  pin  through  an  angle  of  a  very  few  degrees. 

445.  Arch  of  Two  Hinges.  The  third  of  Equations  48  must 
be  satisfied,  which  practically  means  that  Equation  54  must  be  satis- 
fied. This  means  that  we  must  find  a  trial  equilibrium  polygon,  and 
increase  or  decrease  its  pole  distance  so  that  the  summation  of  the 
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Equa^on  61  does  not  apply,  since  the  ends  of  the  arch  rib  are  . 
free  to  turn  at  each  abutment. 

446.  Arch  of  Three  Hinges.  A  three-hinge<l  arch  is  a  still  more 
simple  case,  since  none  of  the  three  fundamental  equations  (Etjuation 
48)  which  are  used  for  fixed  arches  needs  to  be  satisfied.  It  is  only 
necessary  to  find  the  special  equilibrium  polygon  which  will  pass 
through  the  two  abutment  hinges  and  the  center  hinge.  There  are 
no  temperature  stresses  and  no  stresses  due  to  the  shortening  of  the 
rib.  It  may  thus  be  said  that  a  three-hinged  arch  is  much  more 
simple  to  calculate,  and  its  stresses  are  more  definite.  The  construc- 
tion of  the  hinges  will  of  course  add  somewhat  to  the  cost,  and  probably 
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add  more  than  any  saving  which  might  be  made  by  a  reduction  in  the 
cross-section  of  the  arch.  Probably  the  greatest  advantage  of  tlirec- 
hinged  arches  liea  in  their  immunity  from  damage  which  may  result 
from  a  settlement  of  the  foundations.  It  has  been  assumed,  in  con- 
sidering the  theory  of  fixed  arches,  that  the  foundations  are  abso- 
lutely immovable.  A  settlement  of  either  alnitment  of  a  fixed  arch 
with  reference  to  the  other  abutment,  will  inevitably  result  in  stresses 
in  the  arch  rib  which  might  easily  be  greater  tlian  any  stresses  to 
which  the  arch  rib  would  be  subjected  either  on  account  of  the  Hiding 
or  through  change  in  temperature.    The  failure  of  many  arches  is 
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unquestkmsbfr  due  lo  this  cause.  An  arch  rili  witli  either  two  or 
thret-  hinges  is  ftbeolutely  immune  from  any  such  <liingi;r;  and  there 
b  therefore  a  strong  argumeDt  for  the  use  of  hinged  arches  when  the 
an^  must  be  placed  on  foundations  which  are  so  uncertain  that  a 
seltiement  of  either  foundation  is  quite  possible.  Of  course  an  equal 
settkment  of  both  foundations  n'ould  do  no  damage,  but  the  equality 
of  such  a  settlement  could  neier  be  countol  on. 

447.  Description  of  Two  Rdnforced-Concrete  Arches,  In 
Figs.  234  and  235  are  shown  the  details  and  sections  of  two  rdnforcol- 
concrete  arrhes  ha>-ing  fixed  abutments,  which  have  l)ecn  recently 
em-tnl.  "Hie  fiist  bridge  has  a  nominal  8]xin  of  GO  feet  between  the 
t»o  faces  of  tlie  abutments.  On  account  of  the  great  thickening  of 
the  airh  rib  near  the  abutment,  the  virtual  abutments  are  practically 
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at  points  which  are  approximately  26  feet  on  each  side  of  the  center. 
The  method  of  reinforcing  the  spandrel  and  pamiM-t  walls  is  clearly 
shown  in  the  figure.  The  side  view  also  gives  an  indication  of  some 
buttresses  which  were  used  ou  the  inside  of  tlie  retaining  walls  above 
llie  abutments  in  order  to  reinforce  them  against  a  teodent^  to  buist 
outwan). 

Fig.  235  shows  a  bridge  which  is  slightly  oblique,  and  which 
spans  a  double-track  railroad.  The  perpendicular  span  between  the 
abutments  is  34  feet,  but  the  sjian  measured  on  the  oblique  face  walls 
is  35  feet  S  inches.  In  this  case,  similarly,  the  arch  is  very  rapidly 
thickenetl  near  the  abutment,  so  that  the  virtual  abutment  on  each  side 
is  at  some  little  distance  out  from  the  vertical  face  of  the  abutment 
wall.  In  Ixitli  of  these  cases,  the  arch  rib  was  made  of  a  Iwtter  quality 
of  concrete  than  the  abutment:s. 


i 


MASONRY  AND  REINFORCED  (X)NCRETE  429 


The  arch  of  P^ig.  234  was  designed  for  the  loading  of  a  country 
highway  bridge;  that  of  Fig.  235  was  designed  for  the  traffic  of  a  city 
street,  including  that  of  heavy  electric  cars. 

448.  Stone  Arch.  In  Fig.  236  is  shown  a  stone  arch  on  the  New 
York,  New  Haven  &  Hartford  Railroad  at  Pelhamville,  N.  Y.  This 
arch  was  constructed  over  a  highway,  and  the  length  of  its  axis  is 
sufficient  for  four  overhead  tracks.  The  span  is  40  feet,  and  the  rise 
is  10  feet  al)Ove  the  sj)ringing  line,  the  latter  being  7  feet  G  inches  above 
the  roadway.    The  length  of  the  barrel  of  the  arch  is  76  feet. 

The  arch  is  a  five-centered  arch,  the  intrados  corres{x>nding 
closely  to  an  ellipse,  the  greatest  variation  from  a  true  ellipse  being 
1  inch.  The  theoretical  line  of  pressure  is  well  within  the  middle 
third,  with  the  full  dead  load  and  partial  live  load,  until  the  short 
radius  is  reached,  where  it  jxisses  to  the  outer  edge  of  the  ring-stone, 
and  thence  down  through  the  abutment.  There  is  a  joint  at  the  ix)ints 
where  the  radii  change,  to  simplify  the  constniction. 

The  stone  is  a  gneiss  found  near  Yonkers,  N.  Y.,  except  the  key- 
stone, which  is  Connecticut  granite,  and  the  coping,  which  is  blue- 
stone  from  Palatine  Bridge,  N.  Y. 
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PRACTICAL  TEST  QUESTIONS. 

In  the  foregoing  sections  of  this  Cyclopedia  nu- 
merous illustcative  examples  are  worked  out  in 
detail  in  order  to  show  the  application  of  the 
various  methods  and  principles.  Accompanying 
these  are  examples  for  practice  which  will  aid  the 
reader  in  fixing  the  principles -in  mind. 

In  the  following  pages  are  given  a  larg«»  num- 
ber of  test  questions  and  problems  which  afford  a 
valuable  means  of  testing  the  reader's  knowledge 
of  the  subjects  treated.  They  will  be  found  excel- 
lent practice  for  those  preparing  for  Civil  Service 
Examinations.  In  some  cases  numerical  answers 
are  given  as- a  further  aid  in  this  work. 
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MASONKY  AND  K  EINI^'ORCED 

CONCRETE 

PART     I 


1.  Discuss  the  qualities  of  good  building  stone. 

2.  Describe  the  tests  that  you  would  apply  to  determine  the 
qualities  of  a  building  stone. 

3.  Describe  the  distinguishing  characteristics  of  limestone, 
sandstone,  and  granite;  and  the  uses  for  which  these  characteristics 
make  them  especially  suitable. 

4.  What  is  meant  by  the  seasoning  of  stone;  and  why  is  it  of 
importance  in  building  construction? 

5.  What  are  the  distinguishing  characteristics  of  a  good 
quality  of  brick? 

6.  Discuss  the  crushing  strength  of  various  kinds  of  brick. 

7.  Describe  briefly  the  characteristics  and  method  of  manu- 
facture of  Sand-Lime  brick. 

8.  Describe  the  essential  features  in  the  manufacture  of  con- 
crete building  blocks. 

9.  Describe  the  various  changes  that  take  place  in  trans- 
forming the  original  limestone  into  lime,  and  from  that  into  the 
hardened  mortar. 

10.  What  is  the  essential  characteristic  of  hydraulic  lime? 

11.  What  is  the  essential  characteristic  of  slag  cement,  and 
for  what  kind  of  use  is  it  especially  suited? 

12.  What  is  the  essential  difference  between  Natural  cement 
and  Portland  cement? 

13.  How  would  you  obtain  testing  samples  from  a  carload  of 
cement? 
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cement,  how  much  cement,  sand,  and  stone  will  be  required  for  100 
cubic  yards  of  1 : 3: 6  concrete? 

30.  With  cement  at  $1 .25  per  barrel,  sand  at  $1 .00  per  cubic 
yard,  and  broken  stone  at  $1 .40  per  cubic  yard,  the  cost  including 
delivery  on  the  site  of  the  work,  what  will  be  the  cost  on  the  mixing 
board,  per  cubic  yard  of  1  : 3  : 6  concrete? 

31.  Under  what  conditions  is  it  proper  to  use  dry  concrete? 

32.  What  is  the  danger  in  the  excessive  ramming  of  very  wet 
concrete? 

33.  WTiy  is  there  any  practical  difficulty  in  bonding  old  and 
new  concrete? 

34.  Wliat  is  the  effect  of  the  freezing  of  concrete  l)efore  it  is 
set?    How  can  concrete  be  safely  placed  in  freezing  weather? 

35.  Describe  in  detail  how  you  would  make  concrete  water- 
tight by  varying  the  proportions  or  by  the  use  of  cement  grout. 

36.  Describe  in  detail  the  fundamental  principle  and  the  method 
of  application  of  the  Sylvester  process. 

37.  Describe  the  method  of  waterproofing  by  the  use  of  felt 
and  asphalt,  or  by  the  use  of  asphalt  alone. 

38.  Wliat  form  of  bitumen  should  be  used  for  waterproofing 
purposes? 

39.  Discuss  the  effectiveness  of  concrete  in  preserving  imlx»dded 
steel  from  corrosion. 

40.  Discuss  the  protection  afforded  to  imbedded  steel  by  the 
concrete,  against  fire. 

41.  What  precautions  should  be  taken  to  insure  that  hand- 
mixed  concrete  is  proj)erly  mixed? 

42.  Discuss  the  relative  strength  of  machine-mixed  and  hand- 
mixed  concrete. 

43.  What  tests  should  a  high-carbon  st(»el  satisfy  in  order  to  be 
suitable  for  remforcing  concrete? 


455 


RKVIKlir    QUKSTIOIS^S 


>AKV   It 


1.  Define Ar dMfawait dMBcs iif  mmomj wahwapect to Ae 
dRSsk^of  Ar  stones. 

2.  CSie  «n  otttfnie  iif  Ar  nHP&od  of  dnnbc  a  slOM  iiAidi 
AsB  iHKie  a  mffind  sniMe. 

3l  What  IS  Ar  |innMisK  ca  IwiiKiigT  IXsunjc  aevoal  wmjs 
in  wfaich  it  is  sceompKApd. 

4.  A  square  pier  in  a  boilding  b  to  Garrr  a  load  of  420.000 
pounds;  the  pier  is  to  be  made  of  squarpd-stone  masonir.  What 
are  tbe  proper  dimensions  of  the  pier? 

5.  Whst  are  the  elements  affecting  the  eost  of  stone  masonir? 

6.  Describe  the  Taiious  kinds  of  bonds  used  in  brick  masonir. 

7.  Whst  toob  are  used»  and  how  are  thej  emploTed  in  the 
operation  of  qusrrring:  and  dressing  stone  for  a^lsr  masonir? 

S.    Describe  the  rarious  methods  used  in  measuring  btickaurit. 

9.  A  brick  pier  is  20  feet  h%fa;  it  is  lequiied  to  csitt  a  load  off 
400.000  pounds^  and  is  to  be  laid  in  a  I  to  2  nstnial  cement  mortar. 
Assume  thst  the  pier  is  to  be  square*  what  should  be  its  crofi^-tsectiooal 
dimensions? 

10.  Asi^uming  that  two-men  stone  is  to  be  used  in  in»»^^wg 
nibble  cuQCiete»  what  will  be  the  proper  proportiors  of  cement^  sand» 
smadl  broken  stone,  and  rubble  in  such  a  concrete? 

11.  IVscribe  the  method  of  depositing  concrete  tmder  watar» 
lisiii^  buckets^ 
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12.  What  precautions  must  Ix?  taken  when  depositing  concrete 
under  water  through  a  tul:)e? 

13.  Describe  the  tests  for  determining  the  suitability  of  clay 
for  use  as  clay  puddle. 

14.  How  would  you  test  the  l)earing  power  of  a  soft  soil? 

15.  Discuss  the  bearing  jx)wer  of  various  kinds  of  soil. 

16.  Describe  some  of  the  methods  of  improving  a  compressible 
soil. 

17.  Describe  some  of  the  methods  of  preparing  the  IkmI  for 
foundations  on  various  kinds  of  soil. 

IS.     WTiat  is  the  purpose  of  a  footing? 

19.  The  wall  of  a  building  has  a  thickness  of  2  tcvt;  the  total 
load  on  the  wall  has  been  computed  as  10,000  pounds  per  runin'ng 
fcK)t  of  the  wall;  the  soil  is  estimated  to  carry  safely  a  load t)f  3,000 
pounds  per  square  foot.  What  should  be  the  thickness  and  width 
of  limestone  footings  to  support  this  wall  on  such  a  soil? 

20.  Classify  the  various  kinds  of  piles,  describing  their  uses. 

21.  Under  what  conditions  do  timber  piles  rapidly  decay? 

22.  WTiat  are  the  most  necessary  specifications  for  timlx»r 
piles? 

23.  A  wall  having  a  weight  of  15,000  pounds  per  running  foot 
IS  to  \ie  built  on  two  lines  of  piles  placed  21  feet  ixpart  transvers<*ly. 
It  is  found  that  piles  driven  20  feet  into  such  a  soil  have  an  average* 
penetration  for  the  last  five  blows  of  1.5  inches,  when  a  2,5()0-jK)und 
hammer  is  droppt»d  24  feet.  What  is  the  l)earing  power  of  such  piles, 
and  how  far  apart  must  they  Ix?  placed  longitudinally  in  order  to  carry 
that  wall? 

24.  Discuss  the  advantages  and  disadvantage's  of  drop-hammer 
and  steam-hammer  pile-drivers,  and  the  use  of  the  water-jet. 

25.  What  are  the  relative  advantages  and  disadvantages  of  con- 
crete piles  comparetl  with  wooden  piles? 

26.  What  is  a  grillagis  and  what  is  its  purjK)se? 

27.  Wliat  combination  of  circumstances  justifies  the  use  of  a 
coffenlam? 

2S.  What  is  the  ess(»ntial  disadvantage*  involv(»d  in  the  ust*  of  a 
crib  as  a  foundation  for  a  pier? 

29.  What  general  constructive  principle  is  involved  in  the  sink- 
ing of  a  hollow  crib  through  a  soft  soil? 
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.  30.  What  is  the  fundamental  principle  involved  in  the  use  of 
pneumatic  caissons,  and  what  b  the  practical  limitatiim  as  to  the 
depth  below  the  surface? 

31 .  Describe  the  several  wajs  in  which  a  retaining  wall  may  fail. 

32.  A  retaining  wall  whose  hei^t  is  24  feet  is  surcharged  with 
earth. at  the  natural  slope;  assuming  35^ as  the  ang^  of  repose  for 
tiiat  material,  and  that  the  wall  has  a  battar  of  1  in  4  on  the  front 
face  and  a  vertical  rear  face,  idiat  should  be  the  dimensions  of  the 
wall? 

33.  What  are  abutment  piers;  and  under  what  circumstances 
is  their  use  desirable? 

34.  What  are  the  general  principles  governing  the  desi{^  of 
culverts? 

.35^  What  precautions  are  necessary  in  the  design  of  a  stcme  box 
culvert,  to  prevent  its  being  washed  out? 

36.  What  precaution  should  be  taken  to  prevent  a  concrete 
ffidewalk  from  being  broken  up  by  bost? 

37.  Describe  the  method  of  making  and  finishing  the  top  sur- 
face of  a  concrete  sidewalk. 
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1.  Why  is  there  but  little  if  any  structural  value  to  a  beam 
made  of  plain  concrete? 

2.  State  briefly  the  fundamental  reasons  for  the  economy  of 
using  concrete  for  compressive  stresses,  and  steel  for  tensile  stresses. 

3.  What  is  meant  by  the  neutral  axis  of  a  beam? 

4.  What  is  the  essential  difference  between  the  elasticity  of 
concrete  under  compression  and  that  of  steel  or  wood? 

5.  Develop  the  formula  (Equation  II)  for  the  summation  of 
the  compressive  forces  in  a  concrete  beam,  employing  your  own  lan- 
guage altogether,  and  elaborating  in  detail  every  step  in  the  line  of 
argument. 

6.  WTiat  is  the  practical  effect  of  using  a  lower  percentage  of 
steel  than  that  called  for  by  the  theory  (Equation  18)?  Is  there  any 
economy  in  using  less  steel? 

7.  What  is  the  practical  effect  of  using  more  steel  than  the 
theory  calls  for?     Does  it  make  the  structure  any  stronger? 

8.  Develop  a  series  of  equations  (similar  to  Equation  23)  on 
the  basis  of  1:2 J: 5  concrete  whose  modulus  of  elasticity  (E^)  is 
assumed  at  2,050,000,  and  whose  ultimate  crushing  strength  (c/)  is 
assumed  at  2,200  lbs. 

9.  Using  a  factor  of  2  for  dead  load  and  a  factor  of  4  for  live 
load,  what  is  the  maximum  permissible  live  load  which  may  be  carried 
on  a  slab  of  1 : 2  V :  5  concrete  with  a  total  actual  thickness  of  6  inches 
and  a  span  of  8  feet? 

10.  If  a  roof  slab  is  to  be  made  of  1 : 3: 5  concrete  and  designed 
to  carry  a  live  load  of  40  pounds  per  square  foot  on  a  span  of  10  feet, 
what  should  be  the  thickness  of  the  slab,  and  the  spacing  of  f-inch 
square  bars? 
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II-  A  -Xisiai  SA^ix^  A  span  of  IS  feet  is  required  to  carry  a  live 
iRiit  jc  jLiWJ'  pixzai^  uni&krmlv  distributed.  Using  1:3:5  concrete 
inti  X  iifcrr>-T  rf  -L  viisfci  sbouU  be  the  dimensions  of  the  beam  whose 
i»*-}ffi  iii  iiyon.xifmartrtx  r»w  its  width? 

-~  ^STVai  win  be  the  intensitv  per  square  inch  of  the  maximum 
~»fmi!al  fhear  it  tie  4bi.we  beam? 

Ik  W'la:  xre  die  r*v»  ^^nenl  methods  of  pro\iding  for  diagonal 
-iear  :ie?Lr  "fie  «ai>  oc  the  beam? 

1 4^  >Liie  A  vfrawm^  of  the  beam  designed  in  Question  13,  show- 
nar  e^cwaJy  fte  r«riocreaient  ami  the  method  of  providing  for  the 

!*.  l^^tcsi  oe  juirancage  of  using  steel  with  a  high  elastic 
inri:.  xaii  3Li?o  ie  r»>5?ible  dan^^  in  such  use. 

^-^^  Mike  a  vie^i^Ti  for  a  slab  of  1 :3:o  concrete,  reinforced  in 
Vci  ^Hrtfvri^-^Ci^  wfeicli  is  lak!  oo  I-beams  spaced  10  feet  apart  in  each 

17.  ^Vha:  is  :he  ^yner:|l  stnictural  principle  which  makes 
T-beauiisi  :ia?ce  evocsottiical  ami  efficient  than  plain  rectangular  beams 
boLvuisC  djae  >a3£e  voiume  of  oiHacreie? 

In  Wbat  asj>umprioa  is  made  regarding  the  distribution  of 
vvcrtHre^v^  srre^!5>  in  i  T-beam? 

»-     How  is  :he  wxith  of  the  tlanire  of  a  T-beam  usuallv  de- 

y).  ^^~hat  prluct^H^^  i>>vem  the  determination  of  the  proper 
w:d:h  of  rht*  rib  of  u  r4vam? 

21.  Kt\x^injHite  the  numerical  problem.  Example  1,  Article 
:>U.  ou  the  bu^4^  that  the  Ivums  are  to  be  spacetl  G  feet  apart? 

:2l!.  Make  ^vm^Jeie  dniwinc^  of  the  reinforcement  of  the  floor- 
slalxs  and  Kniuis  V^ie^tion  21  .  m;iking  due  proxision  for  shear,  and 
uuikiiu:  all  luwsciiirv  oliecks  on  the  desijm  as  called  for  bv  the  theorv? 

23.  Wiai  will  Ix*  the  Inirsiing  stress  per  inch  of  height  at  the 
U>tiom  of  a  cinicreie  tank  having  an  inside  diameter  of  10  feet,  de- 
sigiuxl  to  hold  water  with  a  depth  of  40  feet?  AMiat  size  and  spacing 
of  Uirs  will  furnish  such  a  reinft>rcenient? 

24.  With  a  nominal  wiml  pressure  of  30  pounds  per  scjuare  foot, 
on  a  Hat  surface,  what  will  l)e  the  intensity  of  the  compression  on  the 
leeward  side  of  the  tank,  allowing  also  for  the  weight  of  the  concrete, 
and  assuming  a  thickness  of  12  inches? 
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25.  On  the  basis  of  the  approximate  theory  given  in  the  text, 
what  would  be  the  required  steel  vertical  reinforcement  for  the  above 
described  tank? 

26.  Design  a  retaining  wall  to  hold  up  an  embankment  30  feet 
high,  making  a  cross-sectional  drawing  and  plan  drawing  similar  to 
Fig.  113,  assuming  that  the  buttresses  are  to  be  12  feet  apart. 

27.  Compute  the  required  detail  dimensions  and  the  reinforce- 
ment for  the  box  culvert  illustrated  in  Fig.  115,  on  the  basis  that  the 
culvert  is  to  be  10  feet  wide,  12  feet  high,  supporting  an  embankment 
15  feet  deep,  and  also  a  railroad  loading  of  1,500  pounds  per  square 
foot. 

28.  A  column  is  to  be  supported  on  a  soil  on  which  the  safe 
load  is  estimated  at  6,000  pounds  per  square  foot;  the  column  carries 
a  total  load  of  210,000  pounds;  the  column  is  22  inches  square;  what 
should  be  the  dimensions  of  the  footing,  and  how  should  it  be  rein- 
forced? 

29.  A  pair  of  columns  which  are  12  feet  apart,  one  of  which 
carries  a  load  of  210,000  pounds  and  the  other  a  load  of  150,000 
pounds,  are  to  be  supported  on  the  same  soil  as  described  above. 
AMiat  should  be  the  dimensions  of  the  compound  footing  which  will 
carry  both  of  these  columns,  and  what  should  be  its  reinforcement? 
Make  a  detail  drawing  similar  to  Fig.  112,  but  showing  all  the  dimen- 
sions. 

30.  Discuss  the  various  ways  in  which  steel  may  be  used  to  rein- 
force a  concrete  column. 

31.  AVhat  should  be  the  steel  reinforcement  of  the  column 
described  in  Question  28,  on  the  basis  that  the  compressive  stress  in 
the  concrete  shall  not  exceed  400  pounds  per  s(iuare  inch? 

32.  In  case  the  Hne  of  pressure  on  the  column  of  Question  31 
should  be  3  inches  away  from  the  center  of  the  column,  what  woukl 
be  the  maximum  intensity  of  the  pressure  per  sriuare  inch? 

33.  A  column  which  is  to  carry  a  working  load  of  230,000 
pounds  is  to  be  reinforced  with  spiral  reinforcement,  the  spiral  having 
a  diameter  of  18  inches.  Assuming  high-carbon  steel,  what  should 
be  the  pitch  and  size  of  the  spiral  rod? 
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1.  What  are  the  difficulties  in  obtaining  a  satisfactory  outer 
surface  of  concrete? 

2.  Describe  two  successful  methods  of  obtaining  a  good 
outer  surface. 

3.  When  and  how  can  acid  be  properly  used  in  treating  a  con- 
crete surface? 

4.  What  pigments  should  (and  should  not)  be  used  for  color- 
ing concrete? 

5.  Describe  the  various  methods  for  finishing  concrete  floors. 
G.     How  may  efflorescence  be  removed  from  masonry  surfaces? 

7.  \Miat  are  the  advantages  and  disadvantages  of  continuous 
mixers  and  batch  mixers? 

8.  A\Tiat  are  the  practical  difficulties  and  disadvantages,  in  the 
operation  of  automatic  measuring  machines,  of  measuring  the  ma- 
terials of  concrete? 

9.  Discuss  the  various  engines  and  motors  which  are  used  to 
operate  a  concrete  plant. 

10.  Describe  the  various  methods  of  charging  mixers. 

11.  Describe  some  of  the  methods  of  economically  transporting 
concrete. 

12.  Make  a  sketch  and  plan  for  the  concrete  plant  for  a  G-story 
building,  40  feet  by  100  feet;  or,  describe,  with  comments  and  sketch, 
tlieplant  of  some  similar  building  actually  being  erected. 

13.  What  are  the  advantages  of  using  a  portable  concrete  plant 
for  laying  the  concrete  foundations  for  pavements? 
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14.  How  would  you  wash  sand  when  the  magnitude  of  the  work 
will  not  justify  the  employment  of  special  machinerj'  ? 

15.  WTiat  methods  are  used  to  prevent  the  forms  or  centering 
from  adhering  to  the  concrete? 

16.  WTiat  precautions  are  taken  to  prevent  the  lumber  in  the 
forms  from  swelling  or  buckling? 

17.  How  long  should  the  forms  and  centering  for  reinforced 
concrete  remain  in  place  under  various  conditions? 

18.  WTiat  general  principle  must  be  followed  to  obtain  the 
maximum  economy  in  designing  the  fonns  for  reinforced-concrctc 
work? 

19.  Describe  various  devices  for  holding  column  forms  together. 

20.  How  are  I-beams  utilized  to  support  the  forms  for  concrete 
slabs  laid  on  them? 

21.  Make  an  estimate  of  the  cost  of  the  forms  for  the  building 
described  in  Article  3S4. 

22.  IVIake  a  sketch  design  for  the  forms  for  a  vertical  wall  ten 
feet  high,  six  inches  thick,  and  twenty  feet  long. 

23.  Describe  the  methods  of  lowering  the  centering  imder 
arches. 

24.  What  are  the  j)rojx*r  dimensions  for  a  hemlock  l)eam 
carrying  a  distributed  load  of  6,000  i)ounds  on  a  span  of  12  feet,  so 
that  the  deflection  shall  not  exceed  J  inch? 

25.  What  should  be  the  dimensions  of  a  colunm  of  hemlock  12 
feet  high,  to  support  safely  a  load  of  15,000  pounds? 

26.  Make  up  a  bar  list  and  sketches,  similar  to  tliose  of  Figs. 
175  to  180,  with  dimensions,  for  the  bending  of  the  bars  in  one  panel 
as  sketched  in  Fig.  109. 

27.  WTiat  are  the  several  methods  of  bonding  old  and  new  con- 
crete in  floor  construction? 
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PART    V. 


1.  Draw  on  a  sheet  of  drawing  paper  four  lines  which  are  nci 
parallel,  and  whose  directions  and  lengtiis  repres^it  the  directions 
and  intensities  of  the  forces.  Then  determine  graj^cally  the  resul- 
tant of  the  four  forces. 

2.  Draw  four  parallel  vertical  lines  which  represent  the 
location,  direction,  and  intensities  of  four  paralldi  forces.  Select 
two  points,  one  on  either  side  of  the  group  of  forces,  which  are  to  be 
considered  as  abutment  points.  Find,  first,  the  position  and  in- 
tensity of  the  resultant  of  the  four  forces;  and  second,  the  amount 
of  the  vertical  reactions  at  the  two  abutments. 

3.  Select  some  point  within  the  equilibrium  polygon  of  Answer 
No.  2,  and  find  the  pole,  the  force  diagram,  and  the  equilibrium 
polygon  which  shall  pass  through  this  chosen  point. 

4.  Draw  two  lines  which  are  not  parallel,  which  represent  the 
locations,  intensities,  and  directions  of  two  forces.  Select  two  points 
in  the  same  horizontal  line  as  abutments,  and  find  an  equilibrium 
polygon  which  will  hold  these  forces  in  equilibrium. 

5.  Select  another  point  in  the  diagram  of  Answer  No.  4,  and 
draw  an  equilibriiun  polygon  through  it. 

6.  What  is  the  distinction  between  a  right  arch  and  a  skew 

archf 

7.  The  pressure  on  a  masonry  joint  50  inches  wide  by  12 

inches  thick  is  120,000  pounds.  The  center  of  pressure  is  15  inches 
from  one  edge.  What  is  the  maximum  unit-pressure  on  any  part  of 
the  joint? 
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8.  Draw  the  intrados  for  a  segmental  arch  with  a  span  of  40 
feet  and  a  rise  of  10  feet.  Compute  the  proper  depth  of  keystone; 
make  the  thickness  at  the  abutment  |  greater,  and  draw  the  extrados. 
Use  scale  of  \  inch  =  1  foot. 

9,  On  the  basis  of  Question  S,  draw  the  load  line,  allowing  for 
a  level  cinder  fill,  a  7-inch  pavement,  and  a  live  load  of  200  pounds  per 
square  foot.     Use  scale  of  3,000  pounds  per  inch  for  load  line. 

10.  Assuming  15  voussoirs  in  the  al)ove  arch,  compute  the  verti- 
cal loads  on  each  voussoir,  and  draw  a  half  load  line  for  full  load' 
ing  over  the  whole  arch. 

11.  Determine  the  special  equilibrium  polygon  for  the  above 
loading,  and  the  maximum  unit-intensity  of  pressure  at  any  joint. 

12.  Determine  the  load  line  for  a  concentrated  load  of  20,000 
pounds  on  an  area  of  25  square  feet  at  the  (juarter-point  of  the  arch, 
and  a  load  of  200  i)oun(ls  per  scjuare  foot  over  the  remainder  of  the 
half-span, 

13.  Draw  the  special  ecjuilibrium  polygon  for  the  loading  of 
Question  12,  and  deteniiine  the  maximum  unit-intensity  of  pressure 
at  any  joint. 

14.  Design  an  abutment  for  the  above  arch  which  shall  Ixj 
stable  under  either  of  the  above  conditions  of  loading. 

If).  Draw  the  load  line  for  the  above  arch  on  the  basis  of  the 
loading  of  Question  12,  but  on  the  assumption  that  the  pressures  on 
the  arch  are  perpendicular  to  the  extrados. 

10.  What  is  the  essential  distinction  between  a  voussoir  arch 
and  an  arch  rib? 

17.  What  are  the  three  kinds  of  arch  ribs,  and  what  are  their 
distinctive  characteristics? 

1<S.  Assuming  that  the  special  ecjuilibrium  j)olygon  for  any 
loading  has  been  determined,  how  do  you  determine  the  moment, 
thrust,  and  shear  at  any  point  of  an  arch  rib? 

19.  IIow  do  vou  determine  the  moment  of  inertia  of  a  rib 
section  which  is  leinforced  Imth  top  and  bottom? 

20.  Redraw  the  (»xtrados  and  intrados  of  Fig.  234  on  the  scale 
of  J  inch  =  1  foot;  and  then,  by  scaling  the  various  thicknesses  at 
ever)'  two-foot  section,  for  2(3  feet  on  each  side  of  the  center,  compute 
the  moment  of  inertia  for  each  section. 
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